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Current methods to detect and quantify electrostatic properties of biomolecules, 
nowadays, still facing many challenges. For instance, they are not sensitive enough to 
meet the needs of more precise measurements, they require the use of external 
markers or antibodies, or rely on indirect calculations or models such is the case for 
zeta potential and electrophoretic mobility. However, Kelvin probe force microscopy 
(KPFM) have gained attention due to its expanding possibilities to asses electrostatic 
properties of biomolecules. Among the advantages that KPFM possess over other 
methods, stands out its high sensitivity and spatial resolution. Moreover, it does not 
require the use of external labels. In the interest of establishing a method for mapping 
surface potential of biomolecules by means of Kelvin probe force microscopy, two 
techniques of poly-dimethylsiloxane (PDMS) soft lithography for micro-patterning 
(micro channel filling and micro contact printing) are studied. Similarly, the 
possibility of patterning biomolecules on different substrates (mica, glass and silicon 
dioxide) is explored. Primarily, poly-L-lysine was used as a model biomolecule due to 
the exposure of amino functional groups. Different physicochemical conditions on 
poly-Llysine micro patterns were tested in order to assess the suitability of soft 
lithography combined with KPFM to measure electrostatic properties of biomolecules. 
In this sense, continuous KPFM scans, immersions in water, lift height and time 
dependence were investigated. Moreover, due to the importance of the understanding 
of the effects of exposure of biomolecules to elevated levels of sugars, immersions in 
D-ribose were performed. A concentration dependent effect was observed, affecting 
drastically the surface potential of polyL-lysine. Electrostatically driven patterning of 
colloidal gold nanoparticles was also achieved on pol-L-lysine micro patterns, 
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resulting in a good method for marking the presence of pol-Llysine and opening the 
possibility to improve some properties of nanoparticle systems. Besides microchannel 
filling, micro contact printing of poly-L-lysine was successfully achieved on mica, 
glass and silicon dioxide, resulting in better quality micro patterns and understanding 
of the influence of using different substrates on surface potential. On this regard, 
continuous KPFM scans revealed a surface charge dynamic on mica, whereas on glass 
and silicon dioxide surface potential became more stable. Insulin, BSA and 
β-lactoglobulin were successfully patterned on mica by micro contact printing and 
imaged by KPFM. Response to pH and immersions in water was investigated 
showinga clear reversible shift on surface potential. Similarly, cross-patterning of 
different proteins on the same substrate for surface potential oneto-one comparison 
was successfully achieved. The classic case of avidin-biotin complex was also 
investigated byboth fluorescence optical microscopy and KPFM. Finally, in an 
attempt to stretch the applications of KPFM for surface potential mapping of 
biomolecules, insulin amyloid fibrils were co-fibrillated with highly charge 
nanoparticles. Surface potential maps of amyloid structures were achieved and the 
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CHAPTER 1：  
 




The aim of this dissertation is to establish a method for determining electrostatic 
properties of biomolecules by a combination of micro construction techniques based 
on soft lithography and Kelvin force microscopy. At the same time, the possibilities of 
detecting the presence of molecules, nanoparticles and biochemical modifications on 
biomolecules is further explored.  
 
Fabrication of biomolecular patterned structures on solid surfaces is of great 
importance for a variety of applications such as biosensors [1], tissue engineering 
and the understanding of fundamental biological phenomena [2]. Different 
methods for patterning biomolecules include photolithography, 
photochemistry, and self-assembled monolayers [3]. 
 
However, soft lithography, a technique based on the use of elastomeric stamps, mostly 
polydimethylsiloxane (PDMS), stands out from other techniques due to its versatility, 
facile preparation and low cost. While obtaining micro patterns and surface potential 
maps of biomolecules by a combination of PDMS soft lithography and KPFM is in 
the interest of different areas, in this case, the relevance resides on the possibility of 
studying fundamental phenomena of biological and chemical processes in relation to 
surface potential. Electrostatics plays an important role in biological phenomena.  
 
2 
For this reason, the development of techniques that are able detect biochemical 
changes and molecular interactions that cause alterations on electrostatic 
properties of biomolecules is crucial.  
 
Existing approaches such as zeta potential [4], capillary electrophoresis [5], and 
molecular dynamic simulations [6], to name a few, have the purpose to understand 
electrostatic properties and interactions in biomolecules. Furthermore, from 
the analytical perspective, detection of compounds and biochemical 
modifications still faces many challenges in the area of biochemistry and biophysics. 
 
This is to say, current methods are in most cases, not sensitive enough. They 
require the use of external markers or antibodies, and are not observable with 
spatial resolution in two dimensions. Specifically, these techniques rely on 
spectroscopic principles such as infrared spectroscopy [7] for detecting 
physicochemical modifications, UV-Vis, and fluorescence for biomolecular 
interaction visualization [8]. Commonly, antibodies are used to detect the presence 
of proteins, interactions and biochemical reactions complexes [9][10][11]. 
 
However, when using antibodies, the sample is greatly affected and generally cannot 
be used again for future experiments. Furthermore, electrostatic properties of proteins 
determine a wide variety of fundamental processes such as association of receptors 
with charged ligands [12][13], binding of substrates by enzymes, catalysis of 
reactions [14][15], formation of protein-protein, protein-nucleic acid complexes 
[16], transfer of electrons, selective transport of ions in protein channels [17], 
denaturation of proteins at high and low pH values, and also incorporation of proteins 
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into amyloid fibres. It is for this reason that the understanding of the role of 
electrostatics in biological and chemical processes is in need of additional 
approaches. Following existent knowledge on electrostatic properties of 
biomolecules and functional groups by KPFM[18][19], in this work, Kelvin probe 
force microscopy (KPFM) in combination with micro construction techniques based 
on PDMS soft lithography is proposed for the first time as a strong method not 
only to characterize electrostatic properties of biomolecules, but to detect the 
presence, distribution and surface behavior of compounds like sugars, receptors 
and free charges with high sensitivity and spatial resolution.  
 
More specifically, the present investigation seeks to establish the bases for further 
experiments towards fundamental biophysical questions. In the following 




1.2.1 The concept of pH 
 
The electrostatic charge of biomolecules in solution is highly dependent on pH or 
potential of hydrogen. For this reason, it is of great importance to present a brief 
description in this dissertation.  
 
The first scientist to formulate the concept of pH was the Danish chemist S.P.L 
Sørensen. While working on problems related to beer brewing where the control of 




ions in a scale. As defined by Sørensen, pH is a logarithm (base 10) of the molar 





= −𝑙𝑜𝑔[𝐻+] Eq. 1 
 
Normally, in water (H2O), a small number of the molecules dissociate and some of 
them lose hydrogen to yield hydroxide ions (OH
-
). The free hydrogen ions can be 




 Whether a solution is acidic or basic is determined by the amount of 
hydronium ions dissolved. For practical reasons, hydronium ions (H3O
+
) can be 
referred to as hydrogen ions (H
+
). In ultrapure water the amount of hydrogen and 
hydroxide ions is equal, for that reason, the solution is considered to be neither acidic 
nor basic. 
 
An acidic substance donates hydrogen ions, resulting in a shift on the balance 
between hydrogen and hydroxide ions. When there are more hydrogen ions than 
hydroxide ions, the solution is considered to be acidic. In contrast, a basic substance 
accepts hydrogen ions. In this case, hydroxide ions outnumber hydrogen ions, so the 
solution is considered to be alkaline.  
 
U s u a l l y ,  measuring scale of pH ranges from 0 to 14, where 0 corresponds to 
the most acidic, 7 to neutral and 14 to most alkaline. However, an acid that yields a 
concentration of hydrogen ions with a molarity greater than 1, can be considered to 
have a negative pH. 
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1.2.2 Basic structure of amino acids 
 
In order to introduce what determines the charge of biomolecules it is important to 
briefly discuss the basic structure of amino acids, which are the building blocks of 
biomolecules, including proteins [21]. Amino acids always contain, in their general 
form, a carboxylic group (COOH) and an amino group (NH2). When carbon in an 
amino acid structure is the first atom that attaches to a functional group, it is referred 
to as α-carbon. 
 
Correspondingly, amino acids that have an amino functional group attached to the 
α-carbon are known as alpha amino acids. As represented in figure 1, all alpha amino 
acids possess an alpha carbon (Cα) attached to a carboxylic acid (-COOH) group, and 
amino group (-NH2), a hydrogen atom (H) and an R group that is unique to every 
amino acid. Nonetheless, there is one exception to the general structure of amino 
acids. In glycine (gly), there is a hydrogen atom instead of an R group, which makes it 
in terms of structure, the simplest amino acid in nature [21]. 
 
 
Figure 1. General structure of amino acids. 
 
Amino acids, with exception of glycine, can occur in two isomeric forms. The 
mirrored configuration of amino acids, as observed in figure 1 for the case of alanine 
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(Ala) are also known as enantiomers. Configurations can be L (left handed) and 
D (right handed), as an example in 2-D see figure 2. 
 
 
Figure 2. Optical isomers of alanine. 
 
1.2.3 Charge of proteins, Hendersson-Hasselbalch equation and the 
isoelectric point 
 
Single amino acids, peptides and proteins possess in their structure, acidic and basic 
functional groups. For instance in amino acids, as discussed, the basic building blocks 
of proteins, the charge is mostly determined by carboxyl and amino functional groups. 
Carboxyl groups, can be ionized and release H
+ 
ions into solution, hence, it is 
considered an acidic functional group. 
 




. Since amino groups 
can take H
+ 
ions from the solution, they are considered to be basic functional groups. 
Accordingly, the predominant charge of an amino acid, peptide or protein, will depend  
on the pH of the solution. The pKa value of an amino acid or protein, determines 
the protonation and thus the charge of a residue at a given pH [22]. In order to 
understand the ionization conditions at certain pH present in an aqueous solution, the 









Where 𝐻𝐴− is the molarity of a given unassociated weak acid and [𝐴−] is the acid’s 
conjugate base. As the pH of a solution increases, both acidic and basic 
groups suffer from deprotonating. The isoelectric point (pI) of a protein is 
defined as the pH value in which the net charge is zero. 
 
Biomolecules can contain both positive and negative charges and the net charge is 
determined by the pH of the surroundings. The pI is the pH value in which both 
negative and positive charges are equal. In the case of molecules containing dual 
charges, for instance an amino acid, that contains and amine and a carboxylic group, 
the pI is the sum of the pKa of the two groups divided by two. 
 
As a consequence, when the pH is greater than the pI, a biomolecule will possess a 
negative net charge, and when the pH is lower than the pI, a biomolecule will possess 
a positive net charge. The isoelectric point varies on different biomolecules depending 
on the chain of amino acids or the distribution of charged functional groups. In figure 
3, a hypothetic titration curve, adjusted in accordance to the Hendersson-
Hasselbalch equation, the relationship between a titrant, pH, the pK of functional 
groups and isoelectric point can be determined. pK is understood as a dissociation 




Figure 3. Representative titration curve for alanine. 
 
In figure 4, ionization of alanine functional groups is represented according to the 
expected charge based on the titration curve. At low pH (below 2), amine groups are 
expected to be positively charged, whereas at its isoelectric point (around pH 6) as 
observed on figure 3 (titration curve), both functional groups are charged, resulting in 
a neutral net charge. At high pH (above 10), the carboxylic group is expected to 




Figure 4. Expected charge of alanine functional groups at different pH according to 





1.2.4 Electrophoretic mobility 
 
An experimental approach that is commonly used to investigate the charge of 
biomolecules is by means of electrophoretic mobility. Electrophoretic mobility (γ) 
is referred to the velocity in which dissolved biomolecules in a solution displace 
or migrate as a response to an applied electric field. Electrophoretic mobility of 





 Eq. 3 
 
where, q is the charge of molecules in a solution, 𝜂 is the viscosity of the buffer and r 
is the radius. For a globular protein, the radius is related to the molecular mass. 
Electrophoretic mobility is highly dependent on charge and size of molecules. 
Molecules with high charges and smaller sizes will experience faster migration.  
 
Furthermore, the direction of the movement will depend on whether molecules are 
negatively or positively charged. In this sense, cations and anions will migrate in 
opposite directions. Neutral solutes (q=0) will have the tendency to remain static 




Figure 5. Electrophoretic mobility. Displacement of amino acids as a function of 
charge at pH 6. 
 
1.2.5 Electrical double layer (EDL) and zeta potential 
 
The understanding of electrostatic properties of surfaces is of great importance in 
areas such as colloids and electrochemistry. Moreover, is quite relevant in this 
dissertation to discuss commonly used model techniques to describe and measure 
electrostatic properties at interfaces. Such models and techniques include EDL and 
zeta potential. A simple way to describe the EDL is to consider a solid surface that is 




As result of the difference of ionic affinity between the solid surface and the solution, 
the solid adopts a charge. In consequence, the charges at the interface arrange in a 
specific structure, known as the EDL (figure 6). To describe better the EDL, the 
Gouy-Chapman model (GCS) is used. Likewise, the GCS is composed of two layers; 
Helmholtz region (Stern layer) and a diffuse layer. 
 
The Stern layer is the region at the interface of the solid surface where ions in the 
solution are compact and cannot experience movement. In the diffuse layer, ions in 
the solution can move freely randomly in all directions. Due to the importance of 
zeta potential and Stern layers concepts to determine electrostatic 
properties of biomolecules in general, these concepts will be briefly discussed in 
the following section 
 
 





1.2.6 Dynamic light scattering 
 
To measure zeta potential, optical devices use either dynamic light scattering (DLS) 
or image analysis for extracting information on the speed of the particles motion in 
the electric field. DLS is commonly used to measure particles in the size on the 
micrometer region. The working principle relies on the fact that particles suspended in 
liquids undergo Brownian motion. Velocity of Brownian motion of particles within a 
solution is directly related with the size of the particle. 
 
DLS monitors Brownian motion based on scattered light. Other uses beyond 
particle sizing include zeta potential and estimation of molecular weight of organic 
compounds. The particle size is given in terms of hydrodynamic radius (dH), which is 
the diameter of a sphere that has the same translational coefficient as the particle. 
 
1.2.7 Stokes-Einstein equation: 
 
The hydrodynamic radius (dh) is determined by the Stokes-Einstein equation. Where 
k is Boltzmann’s constant, T is the absolute temperature, η is the viscosity of the 







Analytical instruments based on dynamic light scattering to perform measurements on 
particle size and Z-potential are suitable to be used only on diluted solutions. 
Instrument design should prevent liquid from thermal motion, which usually 
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restricts high limit of the ionic strength. In optical devices, laser light scattering is 
used to measure diffusion coefficients of small colloidal particles by measuring the 
Doppler broadening of the frequency of the scattered light due to the velocity of 
the scattering centres. If an electric field is placed at the right angles to the incident 
light and in the place defined by the incident and observation beam, the line 
broadening is unaffected but the centre frequency of the scattered light is 
shifted to an extend determined by the electrophoretic mobility [23]. 
 
1.2.8 Soft lithography 
 
Soft lithography is a form of micro construction that is quite versatile. In its 
origins, photolithography was intended to be used in semiconductor’s industry 
and is nowadays utilized for a variety of disciplines such as microelectronics, 
biophysics and cell biology. In addition, patterning of surfaces is one of the 
strongest motivations to develop micro and nano construction techniques.  
 
An important key aspect to soft lithography is the use of an elastomeric block with 
patterned relief structures on its surface, which serves as either a stamp or a mold. For 
this purpose, commonly polydimethylsiloxane (PDMS) is used.  PDMS is a viscous 
fluid at room temperature. However, it can be easily converted into a solid by cross-
linking to create a stamp. PDMS and its curing agents are commercially available 
being Sylgard 184 the most frequently employed. 
 
In order to prepare an elastomeric stamp, a solution of PDMS is poured over a master 
possessing the desired structure for the stamp on the surface. Subsequently, the 
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solution is cured by heating and it is peeled off from the surface of the master. To 
fabricate the master, microlithography techniques such as photolithography, 
micromachining and e-beam writing are commonly used.  
 
Elastomers are quite convenient to perform soft lithography for various reasons. For 
instance, when they are in contact with a substrate, elastomers adapt to it albeit the 
substrate is not planar in the micrometer scale. Additionally, the material is elastic 
enough so it allows being easily detached from rigid masters and complex three 
dimensional surfaces. Among other physical characteristics that make PDMS 
advantageous for soft lithography are optical transparency, chemical stability and low 
adherence. 
 
There are different types of soft lithography. However, for purposes of this 
dissertation only micro contact printing and microchannel filling (microfluidics) are 
described. In micro contact printing the surface of a PDMS stamp is functionalized by 
the molecule that is required to be patterned on a substrate, which will function as 
‘’ink’’. Then, the stamp is placed in contact with the substrate so the ‘’ink’’ initially 
placed on the stamp is transferred to the substrate.  
 
Usually, micro contact printing generates patterns of self-assembled monolayers. 
Micro channel filling utilizes a PDMS stamp as well. However, instead of printing 
molecules through contact between the stamp and a substrate, it relies on a capillary 
flow of a solution over the open channels of the stamp. To this end, a PDMS stamp is 
placed over the substrate, leaving a confined space between the substrate and the 
capillary channel of the stamp. Subsequently, a solution is pipetted at one end of the 
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open channels in the stamp. After all the fluid has filled up the channels, the stamp 
can be removed, leaving a pattern of the molecules contained in the solution. Low 
viscosity solutions are preferable. Both methods for soft lithography share several 
advantages. For instance, fabrication of stamps does not require the use of complex 
lab equipment or a clean room, each stamp can be used multiple times. Nevertheless, 
micro contact printing is probably the simplest form of soft lithography. A detailed 
description of micro channel filling and micro contact printing soft lithography 
























One important aspect in this dissertation is investigating the effect of sugar exposure 
on biomolecules in relation to electrostatic changes. The exposure of biomolecules to 
sugars and the effect on its electrostatic properties has many medical implications. 
The effect of sugar concentration in blood and methods to detect it and 
quantify it are greatly needed, being one of the reasons the high incidence of 
diabetes as a chronic disease in public health [27]. 
 
Prediabetes and the early stages of type 2 diabetes are characterized by the absence of 
symptoms, which prevent early diagnosis. It is of great importance to develop ways 
to detect and monitor sugar levels in blood and urine in an efficient way so  
pat ients  can s tar t  t reatment  before symptoms  are evident .  
 
The ability to detect and monitor sugar levels in a patient is the most important tool to 
treat and control diabetes. In addition, these methods should be also accessible for the 
population, from cities to remote areas and at the lowest cost possible. This 
represents a challenge in biological detection methods. 
 
In general, detection of sugar levels is normally done by two principal tests in urine: 
Benedict’s test and Fehling’s test. The concentration of sugar, mainly glucose, is 
determined by a scale of colour (colorimetric assay), where the range is from absence 
of sugar up to 2% or more [28]. This method obviously is not sensitive enough to 
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detect low concentrations, it is not time efficient, labels are needed (reagents), and it 
neglects the presence of other biologically relevant sugars. In blood, the most popular 
method for measuring sugar concentration is by glycated haemoglobin test 
(haemoglobin bA1c level) [29]. 
 
It is clear that it has become increasingly important to use label free detection and 
analysis methods for biological compounds. Among these methods, plasmonic based 
[30], optical fibre sensors [31], and optical biosensors based on interferometry [32] 
are under intense investigation.  
 
In this case, using KPFM as a detection method represents a strong 
possibility to avoid using labels, which could alter physicochemical 
properties of the sample. KPFM in combination with micro patterning by 
soft lithography could give insights into the possibilities of fully take advantage of 
the capabilities of KPFM to develop highly sensitive bio sensing techniques. 
 
Moreover, it has been already proven that KPFM possess, by far, enough resolution 
and sensitivity to be applied on biomolecules and detect changes in surface potential 
with high sensitivity in the order of a few millivolts [33][19][18].  
 
Besides, detection purposes, the combination of PLL patterns, immersions in D-
ribose solutions and KPFM measurements, could represent as well, an 
alternative method to detect post-translational modifications on biomolecules, 
specifically non-enzymatic glycation with high spatial resolution and high 
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sensitivity. To this date, there are no reported techniques that could address non-
enzymatic glycation methods with these peculiarities. 
 
2.1 Post-translational modifications 
 
Post-translational modifications directly modify physicochemical properties of 
biomolecules, and it is sensible to think that electrostatic properties might suffer 
alterations as well. It is for this reason of vital importance understanding protein 
modifications and their impact on their function. Either covalent or enzymatic 
modifications in proteins after or during protein biosynthesis are known as post-
translational modification (PTM). PTMs affect protein structure and function. 
Relevant PTMs include phosphorylation, acetylation, glycosylation, non-
enzymatic glycation, ubiquitination and hydroxylation. 
 
Protein folding, and refolding play a critical role in protein function. However, the 
modification of amino acids and their side chains contributes significantly to the 
structural and functional diversity of the proteins. Furthermore, their effect on 
proteins would include enzyme activity, protein turnover, protein-protein interactions, 
modulation of signalling, DNA repair, and cell division among others. 
 
2.2 Glycation  
 
Protein and peptide glycation with reducing sugars by means of the Maillard reaction 
is one of the most critical and fundamental reactions in food chemistry and in the 
human body. Hence, this investigation focuses on the possibility of glycation 
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of biomolecules after exposure to sugars. The general definition of non-enzymatic 
glycation is a non-selective modification of proteins that occurs via covalent 
bonding between a carbonyl group of sugars and amino group of proteins. 
Glycation is generally associated to a loss of function of the target protein due to 
modifications of its native structure. In contrast, glycosylation is a well-controlled 
cellular mechanism driven by specific enzymes [34]. 
 
The chemical reactions leading to the non-enzymatic glycation on proteins is termed 
as Maillard reaction or advanced glycation. Specifically, the targets of glycation 
on proteins are side chains of arginine and lysine, the N-terminus of amino group, 
and thiol groups of cysteine residues [34]. All sugars are believed to 
participate in glycation reactions. Nevertheless, D-ribose is the most active and 
abundant reducing sugar within the cell. Intra-cellularly, D-glucose is the 
least reactive and its concentration is rather low. D-ribose levels in the blood are 
estimated to be around 20 mg/L, whereas D-glucose around 6-10 g/L [34]. 
 
2.3 Maillard reaction 
 
The process of glycation is described by the Maillard reaction. This reaction was 
named after the French scientist Louise Camille Maillard (1878-1936) who first 
published a paper reporting the reaction between amino acids and reducing during 
heating.  
 
The initial step on the Maillard reaction is the condensation of a reactive carbonyl 
group from a reducing sugar such as glucose or ribose and a nucleophilic free amino 
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group, normally the epsilon amino group of lysine residues on proteins. This reaction 
results in the formation of an unstable Schiff base that spontaneously rearranges to 
form a more stable ketoamine, which is also known as Amadori product, a simplified 
reaction pathway. Amadori products are reversible at high pH or in the presence of 
phosphate [35]. 
 
This set of reactions eventually leads to the formation of several products such 
as furfurals, reductones and fragmentation products (carbonyl and 
hydroxycarbonyl compounds). The reaction of these intermediate products with 
amino groups in proteins, leads to what is known in food science as melanoidins. 
They were defined by John Hodge (1914–1996) as ''brown, nitrogenous polymers 
and copolymers'' [36], due to the fact that these compounds are responsible for 
browning in food during cooking process. It is worth mentioning that despite the 
number of articles published on glycation and the Maillard reaction in recent years 
[37], these products are poorly defined. Rates of these reactions are quite slow and 
particularly proteins with long half-lives and containing lysine residues, such 
as collagen under high sugar concentrations undergo this glycation [38]. 
 
The dominant factor in protein glycations is the half-life of individual proteins. 
However, at high concentration of reducing sugars, the extent of glycation is 
determined by the intrinsic glycability of the protein, for instance, number of lysine 
residues [39]. Regarding the biomedical aspects of glycation, it has been considered 
an age related problem influencing mainly extracellular proteins, such as collagen and 





Moreover, proteins in amyloid deposits are found often glycated suggesting a direct 
correlation between protein glycation and amyloidosis [40]. Structural proteins such 
as collagen and elastin undergo continual non-enzymatic cross-linking during aging 
and in diabetic individuals (hyperglycaemia) [38]. Owing to the impact of glycation 
on disease and nutrition, there is an ongoing interest in understanding the biochemical 
pathway of the Maillard reaction, defining advanced glycation end products (AGE’s), 
and understanding physicochemical changes on glycated peptides and proteins. 
 
2.4 Poly-L-lysine patterns on mica by micro channel filling 
 
As an initial step, soft lithography is used to micro fabricate two-dimensional patterns 
of poly-L-lysine (PLL) on mica and investigate the dependence of surface potential on 
different parameters such as re-immersions in water, temperature and lift height. 
Similarly, investigating the effect of repeated scans by KPFM and different substrates 
on the surface potential results of significant importance.  The motivation for this set 
of experiments relies on standardizing the combination of poly-L-lysine patterning 
and KPFM as a foundation for detecting and quantifying electrostatic properties of 
biomolecules in relation to different physicochemical settings relevant for biophysical 
studies.  
 
Initially, it is critical to describe the effect of scanning continuously poly-L-lysine or 
functional groups adsorbed on mica. Since most biochemical reactions and 
biological processes occur in aqueous media, it is important to investigate the 
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structural and surface potential stability of the patterned structure after experiencing 
continuous re-immersions in water. 
 
In other words, PLL micro patterns on mica should be tested under aqueous 
conditions and remain stable, to replicate the conditions in which many biological and 
chemical reactions occur. Moreover, most relevant reactions in protein biophysics 
and in biology, in general, occur above room temperature (37º C). Besides, it is also 
well known that proteins and amino acids can be greatly affected by 
high temperature [41][42]. For these reasons, it is necessary to understand how 
PLL adsorbed on mica behaves in both, topography and surface potential when 
heated above room temperature. Specifically, PLL in solution can suffer structural 
transitions when heated or at different pH, that could be in turn, be accompanied with 
alterations in surface potential [43]. 
 
Finally, the distance between the AFM tip and the sample has an important effect on 
both spatial resolution and sensitivity, hence, it is essential to determine the range of 
distance in which a strong surface potential difference between PLL and the substrate 
can be obtained with a good degree of confidence. 
 
As a model biopolymer, poly-L-lysine was selected due to its lysine functional groups, 
which is a relevant amino acid present in various proteins and biomolecular structures. 
For instance, lysine is the most repeated residue on type I collagen which is also the 




Additionally, lysine residues are particularly targeted by different post translational 
modifications such as acetylation, methylation, ubiquitation and sumoylation. 
Likewise, they have been identified to be a target for non-enzymatic post 
translational modifications such as phosphorylation and glycation, which adds 
biomedical relevance to this amino acid.  
 
The selected substrate to perform this experiment is muscovite, which is worth 
briefly describing. Muscovite is the most common mineral of the family of mica. 
Muscovite is a widely used substrate for AFM studies for the reason that in can be 
perfectly cleaved, leaving a clean fresh surface available to place the sample to be 
under study. Another reason is that at the micro and nano scale is a flat substrate, 
making it easier to image small objects under AFM.  
 
The chemical classification of Muscovite is under silicates and it is transparent. 
Regarding the chemical composition, Muscovite is quite rich in potassium and 
the general chemical formula is KAl2(Si3AlO10)(OH)2 [45].  
 
PLL is a synthetic polymer, which in this case, is composed of repeated L-lysine 
groups, as shown in figure 7. It contains two amino groups, which in solution at pH 7, 
one amino group is expected to be positively charged. In biological sciences is 




Figure 7. Chemical structure of poly-L-lysine. 
 
Mica is a negatively charged surface with a consequent strong electrostatic attraction 
between the surface and the polyelectrolyte. Figure 8 is a schematic representation of 
a mica surface containing adsorbed poly-L-lysine. 
 
 Following adsorption of the first few segments of polyelectrolyte, partially 
neutralizing the available (negatively charged) binding sites on the mica 
surface, a positively charged 'atmosphere', balanced to some extent by counter 
ions, is formed above the surface due to the extended configuration of the 
polymer, this mechanism has been hypothesized on the cited research article. 
However, adsorption on mechanisms of PLL on mica was not characterized on this 
dissertation. Unusually, PLL forms monolayers of no more than 1 nm on thickness 





Figure 8. Schematic figure of proposed adsorption of PLL on mica. White 
squares represent negatively charged binding sites on mica; black square 
represent positively ionisable monomer; dashed squares represent surface 
binding sites neutralized by counterion or ionized monomer [49] 
 
2.5 Electrostatic adsorption of colloidal gold nanoparticles on 
poly-L-lysine patternn 
 
A major issue observed when imaging poly-L-lysine patterns in both topography and 
KPFM modes, is that the topographic height of a monolayer of poly-L-lysine, in most 
cases, is very low (less than 1 nm). Therefore, in the presence of other objects such 
as debris or dust located within the image, it is difficult to confirm the presence 
of poly-L-lysine molecules in the pattern. As a solution，to confirm the presence 
of poly-L-lysine in the surface that would reinforce potential images, it was 
resolved to explore the use of colloidal gold nanoparticles of opposite charge 
(negative) as markers. In addition to locate the presence of strong positively 
charge regions (poly-L-lysine pattern), interesting advantages can be observed and 
studied. 
 
For instance, fabrication of nanoparticle patterns by a combination of PDMS soft 
lithography and electrostatic driven self-assembly from solution, is a simple method 
that do not require time consuming and complicated procedures for sample 
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preparation. Moreover, all the required materials needed such as PDMS, poly-L-lysine 
and mica are low cost and very common materials in labs in a wide range of 
disciplines. 
 
The system offers a straightforward way to create well defined micro patterns with 
different desirable properties such as semiconducting, conducting or plasmonic micro 
patterns, depending on the surface properties of the nanoparticles.  
 
The major requirement is the surface charge difference between the substrate and 
the colloidal nanoparticles. Fabrication of self-assembled systems with biomolecules 
for nano and biotechnological applications have been widely reported 
[50][51][52].  
 
Existent methods for nanoparticle patterning include the fabrication silica 
and gold nanoparticle from suspension on a fluorocarbon film by using the AFM 
tip to write charges on the substrate achieved in previous reported experiments 
[53][54][55]. 
 
Similarly, gold and silver nanoparticles have been successfully aligned in patterns 
with desired periodicity at the micrometre scale by a simple self-assembled system 
[56]. However, the addition of information about the surface potential of patterned 
colloidal nanoparticles, in general, would be beneficial for the understanding of 





2.6 Micro-contact printing of proteins for surface potential mapping by KPFM. 
 
Up to date, analytical techniques for the study of electrostatic properties of proteins 
are quite restrictive. For instance, existing techniques use indirect models to calculate 
surface potential values of biomolecules (zeta potential), cannot create a spatially 
resolved map of electrostatic properties, require the use of label (dyes or antibodies), 
and the sample cannot be reused for further studies. 
 
Furthermore, the possibility to pattern proteins on surfaces and record the electrostatic 
environment with high sensitivity and spatial resolution, is crucial for the 
development of more advantageous detection of biochemical modifications and 
sensing techniques for small compounds (biosensors). In the same way, an 
experimental set up which consists of complex proteins adsorbed on a surface and its 
corresponding electrostatic properties measured by KPFM after adsorption, may give 
important insights on electrostatic properties of proteins at interfaces on different 
substrates. The practice of patterning biomolecules is not new in the scientific 
community. Patterning of extracellular matrix fibronectin on glass by means of PDMS 
soft lithography has been reported [57]. 
 
Similarly, micro arrays of proteins by micro contact printing have been 
successfully achieved to grow neurons into networks of controlled geometry, 
representing an advancement in the fields of biosensors, neuroelectronic 




Nevertheless, the novelty of this set of experiments relies on the combination of 
reliable, clean and efficient patterning techniques by micro contact printing, and 
surface potential mapping by KPFM, which represents the opening of new 
possibilities on protein biophysics. Patterning of different proteins is achieved on 
mica without the need of micro fabricating complex substrates such as 
chemically functionalized gold thin films as substrates. 
 
2.7 AFM tip assisted triboelectric surface charge on mica: detection by KPFM 
and dissipation 
 
The generation of triboelectric surface charge created by friction between the AFM tip 
and mica is described. Although, the initial goal was to micro fabricate a patterned 
surface by removing material within a defined area on the surface by scratching, the 
observation of the presence of a surface charge created by friction is worth of 
studying for to several reasons. 
 
The study of electrostatic free charges on dielectric surfaces such as mica is of 
increasing importance in nanotechnology. For instance, the development of antistatic 
materials and tracking of free charges in electronics. Nevertheless, most studies are 
resolved at the macroscopic and mesoscopic level. KPFM may have a great impact in 
this area due to the capacity to resolve two dimensional maps in the micro and nano 
metre range with high sensitivity. 
 
Although, the main goal was to create a patterned surface by removing material 
within a defined area on the surface by scratching the AFM tip against mica surface, 
the presence of triboelectric generated surface charge was observed. In consequence, 
the effect of continuous scans by KPFM, condensation and time dependence were 
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explored. Beyond the application of this methodology for the study of free charges to 
technological ends, this type of experiments could give valuable information about 
electrostatic dynamics on mica, which is widely used and accepted as a suitable 
substrate for the study of biomolecules by SPM techniques. 
 
2.8 Insulin amyloid fibrils: Aggregation dynamics, effect of highly charged gold 
nanoparticles and surface potential mapping by KPFM 
 
So far, in this dissertation surface potential mapping of biomolecules was performed 
on micro constructed patterns, gaining important knowledge on technical aspects of 
surface potential mapping by KPFM. Nevertheless, in order to move a step further, 
surface potential mapping of biomolecules was applied to biomolecular structures 
with important relevance not only in protein biophysics but in medicine in general. 
 
In this sense, amyloid fibrils are structures that are of immense importance and 
intense research for its implication in neurodegenerative diseases. Here, the 
relationship between aggregation kinetics, surface charge, co-incubation with highly 
charged nanoparticles and finally surface potential mapping by KPFM was explored. 
 
Amyloid fibrils are formed by normally soluble proteins, which assemble to form 
insoluble fibers that are resistant to degradation. They are highly linked with disease 
and each disease is characterized by a specific protein or peptide that aggregates 





Figure 9. Transition of a misfolded soluble protein (left) to a heterogeneous insoluble 
fibers (right, AFM image) resistant to degradation. 
 
Amyloid fibrils are mainly deposited in the extracellular spaces of organs and tissues 
as a result of a sequence of changes in protein folding, leading to cytotoxicity. 
Nowadays it is well known that regardless the protein that is forming amyloid-like 
fibrils, they all share a common ‘cross-β’ core [60].  
 
Fibrils are formed by numerous repeats consisting of β-strands that are oriented 
perpendicular to the fibre axis form what is known as a cross-β pattern, with 
diameters of 6-12 nm wide and up to 10 micrometers long (figure 10-B). These 
peptide strands appear to be “stacked” in either parallel or antiparallel directions 
[61]. The interstrand and intersheet stacking distances of the cross-β core has 
been demonstrated by X-ray diffraction and is known to be around 4.7 Å and 10 Å 





Figure 10. β-sheet core of amyloid fibrils. A) Interstrand and intersheet 
distances determined by X-Ray diffraction[82]. B) Amyloid fibril 
structural dimension by electron microscopy. 
 
 
Intermolecular interactions such as non-polar Van der Waals and hydrogen bonds 
stabilizes the structure. In regards of the fibrillation kinetics, figure 11 summarizes 
several studies that show the mechanism of fibrillation in which amyloid proteins 
form insoluble polymeric fibrils: a monomeric form of protein precedes formation of 
oligomers, which then serve as seeds for accelerated fibril growth [63][64][65]. 
 
Amyloid formation consists of two phases or stages. The first stage is a nucleation 
phase/lag time, in which monomers undergo conformational change and associate to 
each other to form oligomeric nuclei.  
 
The second stage consists of an elongation phase/growth phase, in which the 
nuclei rapidly grow by further addition of monomers and form larger 




Figure 11. Polymerization model of amyloid aggregation [66]. 
 
The nucleation phase, is thermodynamically unfavourable and occurs gradually, 
whereas elongation phase, is much more favourable process and proceeds quickly. 
Consequently, kinetics of amyloid formation is well represented by a sigmoidal curve 
with a lag phase followed by rapid growth phase (figure 11). 
 
The rate limiting step in the process is the formation of seeds to promote aggregation. 
Thus, amyloid formation can be substantially speedup by the addition of preformed 
seeds. Amyloid fibrils are highly associated with different diseases. 
 
It has been proposed that altered metabolism of amyloid precursor protein (APP) is 
the causative of Alzheimer’s disease (AD), when it leads to aggregation of Aβ protein 
and formation of fibrils and plaques in the brain. These plaques are believed to later 
cause pathological changes including the formation of neurofibrillary tangles 
compromising synaptic function resulting in brain cell death and dementia. This is 
known as the amyloid cascade hypothesis [67]. Nevertheless, later it was found 
that there is no correlation between the density of plaques and tangles and the 
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severity of AD. On the contrary, there was a strong correlation between the amount of 
soluble Aβ and cognitive impairment [68][69][70]. These studies suggests that 
soluble non-fibrillar intermediates, such as oligomers (20 To >50 kDa globular 
aggregates, including ADDLs) and protofibrils (curvilinear structures 4–11 nm in 
diameter and ≤200 nm long) are the actual initiators of AD pathogenesis and that 
mature fibril formation represents the end point of the disease. 
 
Another condition involving amyloid fibrils is diabetes mellitus type 2, in which islet 
amyloid deposits are a characteristic pathologic feature in the pancreas. Islet 
amyloid polypeptide (IAPP) is co-localized with insulin in the islet β-cells and is 
co-secreted with insulin in response to β-cell stimulation by both glucose and non-
glucose [71]. 
 
The physiological function of IAPP is still not completely understood. Proposed 
biological functions of IAPP include suppression of food intake, gastric emptying, and 
glucagon secretion stimulated by arginine from pancreatic β-cells. 
 
However, several studies in vitro have demonstrated that both intracellular and 
extracellular accumulation of human IAPP is associated with β-cell death, although 
the mechanisms are likely different. For instance, overexpression of amyloidogenic 
human IAPP has been shown to induce apoptosis in COS-1 cell. Interestingly, it has 
been found that only the aggregated (fibrillar) form of IAPP kills β-cells, whereas the 




In Parkinson’s disease (PD), dementia is caused mainly by the fibrillation of 
α-synuclein (α-Syn). However, a more complex co-fibrillation process occurs 

























Table 1. Principal proteins involved in amyloid related diseases. 
 
It has become evident that the more research is done, the more proteins are found to 
fibrillate together. In other words, disease related amyloid forming proteins does not 
act in isolation; in many cases, fibrillation is driven by a complex system of 
co-fibrillation involving different proteins. This is the case, for instance, of diabetes 
mellitus type 2, where IAPP deposits contain a variety of proteins including serum 
amyloid P component (SAP), apolipoprotein E (ApoE), and the heparan sulfate 
proteoglycan perlecan [71]. 
 
The role of these components in islet amyloid formation is not completely understood, 
the finding that these molecules are also present in other types of amyloid deposits 
such as senile plaques in Alzheimer's disease, suggests that similar mechanisms might 
underlie amyloid formation in different pathologic states. 
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Similarly, in PD, fibrillary deposits are found to be causative of brain cell loss and are 
referred to as Lewy bodies. Lewy bodies appear as spherical masses that displace 
other cell components. The two morphological types are classical (brain stem) Lewy 
bodies and cortical Lewy bodies. These deposits are composed of the protein 
alpha-synuclein associated with other proteins, such as ubiquitin, neurofilament 
protein, and alpha B crystallin. 
 
Tau proteins may also be present, and Lewy bodies may occasionally be surrounded 
by neurofibrillary tangles. Moreover, some investigations suggests that there might 
exist a synergistic interaction of α-Syn, TAU and even Aβ causing these proteins to 
mutually promote each other’s aggregation [72][73]. Existent research suggests that 
the simultaneous accumulation of different proteins in the central nervous system is a 
common feature in many degenerative diseases, uprising the importance to 
understand the basic biophysical mechanisms underlying both inhibition and 
promotion of protein co-fibrillation. Furthermore, the understanding of self-
assembled nanofibers could gain more relevance due to its potential applications 
recently found as in tissue engineering [74], templates for metallic nanowires [75], 
and biomedical sciences in general [76]. Studying mechanisms of protein 
aggregation on model systems is extremely useful for a better understanding of the 
molecular mechanisms of disease associated amyloid genesis. 
 
To prepare preliminary fibrils as a generalized model of amyloid assembly is very 
common due to the fact that several proteins are known to easily aggregates and 
produce fibrils in vitro. Among these proteins, insulin, β-lactoglobulin and lysozyme 
are the main proteins used as models for fibrillation. 
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However, this study focuses on insulin since their fibrillation kinetics in vitro is 
well known. Insulin is a 51-amino acid protein (Figure 12) hormone produced in 
vivo in the pancreatic cells. The precursor protein (preproinsulin) contains a 23-30 
amino acid signal peptide attached to the amino terminal of proinsulin. Insulin is 
the primary hormone responsible for controlling the cellular uptake, utilization 
and storage of glucose, amino acids, and fatty acids while inhibiting the 
breakdown of glycogen, protein, and fat. 
 
Bovine insulin differs from human in only three amino acid residues, and porcine 
insulin in one. Insulin can aggregate and form fibrillar interdigitated beta-sheets and 
has been used extensively for protein fibrillation studies. Hence, its aggregation 
kinetics and fibril characteristics are quite well known [74][77][78][79]. Insulin 




Figure 12. Structure of insulin [84]. 
2.8.1 Influence of nanoparticles on protein fibril formation 
 
Even though many molecules are proven to function as chaperons and alter kinetics of 
amyloid fibrils formation, nanoparticles have the advantage of being excellent 
candidates for the ability to cross through the blood brain barrier, which acts 
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very effectively to protect the brain from many common bacterial infections, and 
only small peptides and nanoparticles are known to be able to cross [85]. 
Nanoparticles are under intense investigation for this ability and are believed to be 
able to transfer drugs and possibly inhibit or retard fibril formation. 
 
Furthermore, in the opposite case, when they promote fibril formation, can be used to 
study fundamental mechanisms of fibril formation, as they can be easily tailored in 
terms of physicochemical properties such as surface chemistry, morphology and size, 
in order to be incorporated on incubating systems as models. 
 
The principal approaches to study the influence of nanoparticles on the speed of 
amyloid fibril are scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), and atomic force microscopy (AFM) to characterize 
the morphology of the fibrils. 
 
In order to track the speed of amyloid formation and conformational changes optical 
spectroscopy is used [86][87][88][89][80][77][90][91]. The characteristics and 
aggregation dynamics of fibrils have been extensively reported. However, due to the 
high complexity and number of variables involved in the systems, well defined 
mechanisms of the effects of nanoparticles on protein fibrillation has not been 
established, nor are completely understood. 
 
For this reason, a number of studies have attempted to address this matter. For 
instance, tt is well known that gold nanoparticles can either promote or inhibit 
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aggregation of fibril forming proteins depending on characteristics such as size, shape, 
temperature or pH [92][90][93]. 
 
According to simulation studies, smaller nanoparticles decrease the aggregation speed 
of fibril forming proteins [92]. Similarly, it was found by thioflavin-T fluorescence 
and SEM studies that fibrillation speed of α-synuclein, a relevant fibril forming 
protein related to neurodegenerative diseases, was increased by smaller (10 nm) 
nanoparticles and decreased by bigger nanoparticles (22 nm) [94]. 
 
Another important physicochemical aspect that influneces aggregation kinetics of 
amyloid fibrils is pH. Interestingly, insulin-coated gold nanoparticles show high 
sensitivity to pH changes. For this reason, they can be spontaneously aggregated or 
disaggregated by changing values of pH [93]. 
 
2.8.2 Influence of surface charge of nanoparticles on protein fibril formation 
 
Recent studies suggest that surface charge on nanoparticles may have an influence on 
amyloid fibril formation. For instance, it has been found that negatively charged bare 
gold nanoparticles, not only inhibited fibrillation, but also promoted fibril dissociation 
of Aβ fibrils as a function of concentration [95]. Likewise, gold nanoparticles coated 
with anionic curcumin converted to monocarboxylic acid derivative (curcumin-
COOH) dissolved amyloid fibrils without any external agent or force when co-
incubated with lysozyme [89]. Gold nanoparticles possess a negative surface 




In this sense, the presence of citrate-coated gold nanoparticles can effectively 
accelerate the formation of small aggregates of gold nanoparticles and Aβ peptides, 
however, inhibit the formation of aggregates and further protofribrils and fibrils, the 
localization of nanoparticles into fibrils was possible by KFM microscopy due to the 
difference of surface charge between the fibrils and the nanoparticles [97]. 
 
On the other hand, it was shown that the presence of nanoparticles in the process of 
protein fibrillation particularly does not inhibit the formation, but can promote fibril 
growth. Maghemite (γ-Fe2O3) nanoparticles surface can be positively or negatively 
charged depending on the pH [98]. 
 
Hence, the predominant charge at low pH, where amyloid protein fibrillation usually 
occurs in vitro, would be positive. The co-incubation of human insulin and 15 nm 
maghemite at high temperature and low pH resulted in an acceleration and promotion 
of the formation of fibrils, as it was observed by AFM, TEM and supported by optical 
density measurements of absorbance at 600 nm as a function of time [91]. To support 
the idea, that nanoparticle surface charge could play a role in the inhibition or 
promotion of fibril formation, recent studies have suggested that negatively charged 
particles have an inhibitory effect, while positively charged particles have the 
opposite effect. 
Fibril formation was accelerated by iron oxide nanoparticles coated with Aβ, yielding 
a net positive charge, while the same nanoparticles inhibited the formation of fibrils 




Similarly, when the cationic surfactant cetrimonium chloride (CTAC) and the anionic 
surfactant sodium dodecyl sulfate (SDS), were co-incubated with Aβ at a 
concentration of 1mg/ml, the inhibition of fibrils forming caused by the effect of 
charged (anionic) micelles and the reduction of time for fibrils to form caused by 
cationic micelles was confirmed [100]. 
 
Nevertheless, studies regarding the influence of surface charges are scarce and the 
existent knowledge is not conclusive. The generation of knowledge in this specific 
topic would give insights not only for the potential prevention and treatment of 
neurodegenerative diseases related with protein fibrillation, but could also serve as a 
precise model for understanding the nature of synergistic co-fibrillation involving 
differently charged entities, for instance a-synuclein and TAU.  
 
For this purpose, a systematic study involving a family of differently charged 
nanoparticles and at least two different proteins known to form amyloid fibrils is 
needed. Based on the existent literature, the addition of gold nanoparticles 
influences the aggregation kinetics of amyloid fibrils. 
 
However, the effect of surface charge of gold nanoparticles on fibrillation kinetics has 
not been previously investigated. The proposed hypothesis  behind this experiment is 
that in a co-fibrillation system of nanoparticles and a fibril forming protein, insulin in 
this case, inhibition or promotion of amyloid fibril formation depends on the 
difference of surface charge between nanoparticles and native fibril forming protein 





Figure 13, shows a representation of a nanoparticle with a specific surface charge, and 


























General methods and experimental details 
 
3.1 Patterning by sof lithography  3.1.1 PDMS stamp fabrication 
 
Prior PDMS fabrication, a mold with the desired pattern was produced by 
UV-photolithography (London Centre for Nanotechnology, London, UK) (see figure 
14). The patterns utilized were stripes (linewidth was 10 μm or 30 μm with a periodicity 
of 40 μm).  
 
The mould consisted of a spin-coated layer of Megaposit photo-resist (Dow Chemical 
Co., Midland MI, USA, (Megaposit SPR 955-CM) on silicon dioxide wafers. Before 
spin coating, the wafers were polished and cleaned with ultrapure water and then heated 
to eliminate humidity. 
 
As an adhesion promoter, hexamethyldisilazane (HMDS) was applied by spin coating. 
Subsequently, a 1.5 μm thick Megaposit resist film was applied to the wafer by spin 
coating at 3500 rpm.  Thereafter, it was heated to eliminate excess of solvent by 
evaporation. UV-photolithography and development were carried out according to 
the protocol for Megaposit. As a final stage, baking was carried out at 150
o
C for at 





Figure 14. PDMS stamp fabrication using masters as templates. 
 
To fabricate the PDMS stamp, a mixed solution of pre-polymer and curing agent was 
prepared (Sylgard 184, Dow Corning Co., Midland, MI, USA). To prepare 
the mixture, both, the silicon elastomer and the curing agent were mixed together 
in a proportion of 10:1. As shown in figure14, once the solution was transparent and 
free of bubbles, it was poured over the substrate (masters).  
 
Afterwards, the entire structure is heated around 50 ºC  for a few hours in a hot plate 
until the PDMS is completely cross linked and the solution is solidified. Finally, the 
stamp can be peeled off from the master, resulting in a PDMS stamp with desirable 
features. 
 
When the stamp is peeled off, it should possess the opposite features as the master. In 
figure 15, AFM micrographs of both the master and the produced stamp are shown. In 
some cases, the AFM image does not allow observing the edge; hence, obtaining its 
corresponding profiles is needed. In figure 16, where the corresponding profiles are 
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shown, it is possible to notice that the topography of both the master and the stamp are 
exact opposites and share the same dimensions at the planar edge, which corresponds to 
the end of the 10 µm ridges of the PDMS stamp. Nevertheless, the profile of the master 
(in black), shows a tip artefact, for which, in appearance the master possesses a 
curvature in the upper region. 
 
 
Figure 15. AFM topographic images of A) a master showing 10 µm ridges 
and about 30 µm gaps in between, B) resultng PDMS stamp showing 




Figure 16. Height profiles of the master and its corresponding PDMS 
stamp after fabrication. 
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If the opposite features are desired, a different master showing the opposite features 
should be used. However, a prefabricated stamp can also be used as template to 
fabricate a new stamp with the opposite features. 
 
3.2 Micro channel filling patterning for KPFM measurements 
 
A fresh PDMS stamp (10 μm channels, 30 μm ridges) was situated on a freshly cleaved 
piece of mica. Micro channels were brimmed over by pipetting around 40 μL of 
poly-L-lysine (Sigma-Aldrich, CAS: 25988-63-0, 0.01% w/v in H2O) at the edge of 
the channels of the stamp. After 5 minutes, when the channels were visually 
brimmed over with poly-L-lysine solution, ultrapure water was flushed into the 
micro channels and the stamp was removed to displace remaining poly-L-lysine. 
 
The whole procedure was carried out avoiding lateral movements as much as possible. 
Finally, the sample was washed with ultrapure water and dried either with nitrogen, if 
available, or a hand-held air blower. 
 
To observe the patterns and obtain potential maps, tapping mode and KPFM images 
were produced simultaneously. Several conductive silicon tips (Veeco antimony doped 
Si) were used with a typical oscillation frequency around 360 kHz. In the interleave 
mode, a drive amplitude between 1000 mV and 2500 mV and a lift height of 25 nm was 
used (except for the lift height experiment). Lock-in phase was typically found around 
-90°and optimized for each tip by detecting an artificial square signal applied to the 
sample [103]. Despite all measurements were carried out in air, the sample was 
subjected to different conditions such as immersions in water. These were carried out 
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by immersing the sample in water, drying the sample with air, and re-scanning in the 
same area. 
 
Similarly, prolonged exposure to water was tested by immersing the sample in water 
for 20 minutes, then drying the sample out and re-scanning in the same area. 
Immersions in water were repeated at least 6 times. The effect of potential difference 
versus lift height was tested by locating a clear poly-L-lysine pattern and performing 
surface potential scans repeatedly at different scan lift heights.  
 
After obtaining the first potential image at a distance of 1 nm from the sample, the lift 
height parameter in the interleave mode was adjusted to a different distance, and the 
resulting images were recorded. This procedure was repeated until reaching 1000 nm. 
 
Figure 17. Representation of microchannel filling technique. 
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To obtain better values of surface potential difference of patterned poly-L-lysine on 
mica, AFM images were taken in the same scanning area and by aligning the patterns at 
90º,  as shown in figure 18. Surface potential difference (ΔΦ) was calculated by 
substracting the average surface potential of the substrate from the average surface 
potential of the patterned PLL.  
 
For this reason, it is convenient to scan the sample perpendicularly to the 
orientation of the patterns. In this way, bigger areas can be selected using the 
software to obtain average surface potentials and calculate the surface potential 
difference (ΔΦ). Moreover, the term samples/line (figure 18) determines how 
many points are going to be considered per each scanned line within the image, and 
it determines in the same way the resolution of the image. 
 
 






3.3 Micro-contact printing of proteins for surface potential mapping by KPFM. 
 
Protein micro patterns on a solid substrate were achieved by placing a drop protein in 
solution on top of the PDMS stamp. Globular proteins lyophilized powder of bovine 
serum albumin (BSA), lyophilized powder of β-lactoglobulin from bovine milk, and 
lyophilized powder of insulin from bovine pancreas, were all obtained from 
Sigma-Aldrich. Solutions of these proteins were prepared at a concentration of 2 
mg/mL in ultrapure water. 
 
Once the drop was placed on the stamp, it was left there for about 10 minutes. 
Subsequently, the stamp was dried with air. The stamp was then, placed in contact with 
the substrate (mica, glass, and silicon dioxide) avoiding drifting the stamp as much as 
possible. As a last step, the pattern was observed on an optical microscope to confirm 
the formation by creating water condensation on the sample by exhaled breath.  
 
In order to assess the effect of pH on surface potential of the protein micro patterns, 
buffers were utilised. A buffer solution pH 4.0 composed by citric acid, sodium 
hydroxide, sodium chloride and red colour (Fulka analytical) was used. 
 
Avidin from egg white, expressed in corn (Sigma-Aldrich CAS: A8706) was dissolved 
in water 1 mg/mL. A few drops of the resulting solution were placed on a clean PDMS 




The stamp was placed in contact with previously washed coverslips. To determine 
whether a pattern was formed or not, a condensation test was performed under 
an optical microscope. 
 
3.4 Immersion of poly-L-lysine patterns on D-Ribose solutions 
 
3.4.1 Immersions in D-Ribose solutions 
 
 
Poly-L-lysine patterns were immersed repeatedly in D-ribose (Sigma) solutions at 6 
mM and 6 M concentrations. The patterns were immersed in D-ribose 
solutions repeatedly up to 8 times and the solution was left in contact with the 
pattern for 1 minute. 
 
After each immersion in D-Ribose, the sample was washed with ultrapure water and 
dried with air. In the case of 6 mM D-ribose solution, AFM and KPFM images 
were taken before and after washing and drying the sample, allowing to get the surface 
potential of the pattern in the presence of sugar and after the washing. In the case of 6 
molar D-ribose solution, only images after washing the sample were taken. 
 
The practical reason for this action to be taken was due to the excessive amount of sugar 
in the surface, which makes obtaining meaningful images difficult. The tip used was 





3.5 Electrostatic adsorption of colloidal gold nanoparticles on 
poly-L-lysine patterns 
 
Poly-L-lysine pattern was prepared by placing a preformed PDMS stamp on mica as 
previously described [104]. A drop of poly-L-lysine solution was added at the end of 
the PDMS stamp. Subsequently, the channels were flushed with ultrapure water, the 
stamp was mechanically removed, and the sample was washed again with ultrapure 
water. Finally, the remaining water was dried out using air. The sample was taken to the 
AFM for further characterization. The nanoparticle patterns were formed by immersing 
the sample into a colloidal solution of 10 nm gold nanoparticles coated with lipoic acid 
(nanoComposix .05 mg/mL). Lipoic acid is a disulphide compound that is well known 
for its antioxidant activity. 
 
Nevertheless, there are numerous reports in which it is used for functionalizing gold 
nanoparticles [105][106]. The immersion was carried out on the AFM by retracting 
the scanner, immersing the sample and washing it with ultrapure water, then air dried. 
The same area was successfully localized to perform measurements before and after 
nanoparticle adsorption. 
 
The tip used were from the same batch as previous section and the parameters used 
for the AFM and KPFM measurements were as follows: topographic image was 
recorded in tapping mode using a drive amplitude of 850 mV while the amplitude set 




The scan rate was .8 Hz. The lift height on the lift mode was 25 nm, the drive 
amplitude 2500 mV, the optimum value for the lock-in phase on the tip was found to 
be -75⁰. Utilized nanoparticles possess a hydrodynamic radius of 10 nm, and a -40 mV 
zeta potential in solution.  
 
Due to the presence and exposure of highly negative charge functional groups (OH
-
), 
a selective and spontaneous electrostatic attachment to amino groups of poly-L-lysine 
is expected. 
 
3.6 AFM modes 
3.6.1 Contact Mode: 
 
The simplest AFM form of operation is contact mode. In this set up, the AFM tip 
interacts in close contact with the surface of the sample. It is also the most common 
mode utilized in force microscopy. In contact mode the cantilever is pushed against 
the surface by a piezoelectric element. 
 
The most important parameter in the feedback system is the deflection of the 
cantilever, which is detected and adjusted with a DC feedback amplifier to match the 
desired value of deflection (deflection set point). In order to keep the desired 
deflection set point, the feedback system applies a voltage to the piezoelectric element 
to either move higher or lower the position of the sample in the Z axis in order to 




Hence, the voltage applied by the feedback amplifier corresponds to the physical 
height or specific features on the sample. Contact mode can be performed in different 
experimental conditions such as high vacuum, liquids and air. A major disadvantage 
of contact mode is the excessive force applied to the sample, in which, depending on 
the material to be studied, can result in sample destruction or damage. To overcome 
this problem, the forces applied to the sample can be minimized. However, this aspect 
still a practical limiting factor. 
 
Moreover, as in any other AFM mode, typically the sample is covered by of adsorbed 
gases, primarily water. This condition affects the interaction between the tip and the 
surface within the regime of attraction forces. When the tip is in contact with the 
water molecules, a meniscus is formed and the cantilever is pulled towards the 
sample by surface tension forces. 
 
By immersing the whole sample and the cantilever in liquid the surface tension and 
other attractive forces are minimized. Samples such as semiconductors and 
insulators (mica included) have also the capacity to hold electrostatic charges. 
These phenomena will be addressed further in this dissertation. 
 
The combination of different forces such as electrostatic charges and attractive forces 
caused by the presence of water on the surface result in a final highly frictional force 
over the surface when scanning in contact mode.  
 
Moreover, many of substrates and samples cannot be immersed in liquids in order 
to be imaged by AFM. To overcome this issue another mode of atomic force 
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microscopy was developed: non-contact mode. Figure 19, represents the general 
components of AFM imaging. 
 
 
Fig 19. Diagram of the general components of atomic force microscopy imaging. 
 
3.6.2 Non-contact mode 
 
Non-contact mode was developed to overcome situations when the sample is likely to 
be affected by the interaction with the AFM tip. During the scanning in this specific 
mode, the tip oscillates over the surface with a slight separation in the order of a few 
Ångström. At this distance, attractive forces act on the tip, and are detected and 




The attraction forces in non-contact mode are weaker than contact mode, for this 
reason, a small alternating current (AC)  has to be applied to the tip, to let the 
feedback system measure changes in amplitude, phase or frequency of the 
oscillation in the cantilever as response to forces in the sample. Unfortunately, the 
distance between the tip and the sample still lower (within the range of the Van der 
Waals forces) than the actual thickness of the layer of water which is usually 
present in substrates. It is for this matter, that the water meniscus stills a major 
problem even in non-contact mode. Non-contact mode is represented in figure 20. 
 
 
Figure 20. Non-contact mode representation. 
 
3.6.3 Tapping mode: 
 
Tapping mode is probably the most utilized AFM mode and it represents a substantial 
advancement in atomic force microscopy. Among the advantages, high resolution on 
topographic images that are easily damaged, low adherence to the substrate, or the 
capacity to scan samples that are too demanding to study under other AFM modes 
stands out. In other words, tapping mode overcomes difficulties related to friction, 
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adhesion, electrostatic forces, among others. In tapping mode, the tip is placed in 
contact over the sample in an intermittent manner.  
 
By lifting the tip from the surface after making a brief contact, dragging across the 
surface is minimized; hence, usually higher resolution than other AFM modes can be 
achieved. Similar to contact mode, tapping mode can be implemented either in air or 
liquids by oscillating the cantilever near its resonant frequency using a 
piezoelectric element. When a voltage is applied to the piezoelectric element, the 
motion causes the cantilever to physically oscillate at a high amplitude (usually 
above 20 nm) when the tip is not in contact with the sample. This amplitude is 
known as free oscillation (original amplitude) and it occurs approximately at a 
frequency of 50,000 to 500,000 Hz. The behavior of the cantilever when it is driven 
in a sinusoidal motion can be comparable to a damped spring or a single harmonic 
oscillator. As the cantilever approaches the surface of the sample, the amplitude of the 
oscillation is reduced. 
 
When the cantilever reaches contact with the surface, the oscillation decreases its 
amplitude due to energy loss as an effect of the tip getting in close contact with 
the sample. The reduction in the cantilever oscillation (reduced amplitude) is 
adjusted by the feedback system loop, by maintaining a constant cantilever 
amplitude (adjusted amplitude). Hence, in tapping mode amplitude is the most 
important feedback parameter. The main characteristic of the feedback loop during 
tapping mode imaging is that it tries to maintain constant oscillation amplitude. 
Amplitude information is then used to determine topographical features of the sample 





Figure 21. Tapping mode representation. 
 
The presented description corresponds to amplitude modulated tapping mode or 
dynamic mode. The most important parameters to be optimized in this mode are the 
cantilever spring constant, free oscillation amplitude and amplitude set point. The 
cantilever stiffness should be correctly selected. If a cantilever is quite stiff, it might 
destroy; damage the sample or the tip itself. 
 
The free oscillation amplitude determines the amplitude of the vibration of the 
cantilever when is not in contact with the sample. It is measured in voltage with a 
correspondence in nanometers if calculated. The amplitude set point is the target 
reduced amplitude.  
 
The set point is expressed as a percentage of the free oscillating amplitude. In 
principle, the lower the amplitude set point, a higher force will be applied on 
the sample by the tip when in contact. Besides amplitude modulated tapping 
mode, there is also phase imaging mode. Phase imaging is a form of tapping mode 
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which is more sensitive to mechanical properties of the material. During this mode 
of operation, the signal from the phase channel is collected. An oscillating 
cantilever may experience a phase shift when interacting with the sample. The phase 
shift φ is described by the following equation: 
 
𝑑 = 𝐴𝑠𝑖𝑛(2𝜋𝑓𝑡 + 𝜑) Eq. 5 
 
where d = deflection of the cantilever; A = amplitude;  f = frequency; t = time; and 
φ = phase shift. 
 
3.6.4 Kelvin force probe microscopy 
 
KPFM is becoming a very useful and well established technique in different areas 
such as nanotechnology and material sciences.  Depending on manufacturers and 
brands, KPFM can be referred to with various names and working modes. 
Nevertheless, there are in principle two different modes of operation: lift mode and 
dual frequency mode. In this dissertation only amplitude modulated (AM-KPFM) lift 




In this dissertation, only AM-KPFM is used to perform surface potential readings. 
AM-KPFM is a dual AFM mode in which each line is scanned twice. During the first 
pass, the topography of the sample is recorded. On second pass, the cantilever is 
elevated to a given constant scan lift height, the mechanical oscillation applied to 
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the tip is turned off and an oscillating voltage UACsin(ωt) with a direct current 
(UDC) offset is applied directly to the AFM tip. 
 
𝑈(𝑡) = 𝑈𝐴𝐶cos (𝜔𝑡) + 𝑈𝐷𝐶 Eq.6 
 
Then the cantilever scans the recorded surface topography at a specific lift height 
above the sample while responding to electric forces on second pass (interleave) scan. 
When there is a DC voltage difference between the tip and sample (contact potential 
difference), results on an oscillating electric force acting on the AFM tip at the 
frequency ω (Fω). Since KPFM is a nulling technique, the ω component is used as 





𝑈𝐴𝐶(𝑈𝐷𝐶 − Φ𝑠)cos (𝜔𝑡) Eq. 7 
 
In experimental conditions, the AFM tip has its own surface potential (Φt) depending 
on the material. UDC signal corresponds to the local contact potential difference (Φs): 
 
𝑈𝐷𝐶 = Φ𝑡 − Φ𝑠 Eq.8 
 
If the tip and sample are at the same DC potential, there is no force on the cantilever 
at frequency ω and the cantilever amplitude will be equal to zero. The voltage applied 






3.6.6 Resolution and sensitivity 
 
Lateral spatial resolution on KPFM is understood as the ability to distinguish adjacent 
regions on a sample which possess different surface potential properties separated by a 
given d distance. In figure 22, the distance is represented by  the letter d. The area 
referred to as d, represents the distance at where electrostatic forces from the 
sample are acting on the tip.  
 
Geometry of the tip plays an important role on the lateral resolution on KPFM, 
however, it is also affected by the separation distance (z) between the AFM tip and 
the sample. In figure 22 lift distance is represented by the letter ‘’H’’. In order to 
increase lateral resolution, lift distance is required to be minimized. This would 
result in reducing the distance in which electrostatic forces acts on the tip.  
 
 





3.6.7 Image processing 
 
All atomic force microscopy and Kelvin force microscopy images were processed 
using the SPM data visualization and analysis tool Gwyddion 2.38. Some images 
required to remove polynomial background and this was done by applying 2
nd
-order 
polynomial in horizontal direction to compensate scanner bow artifacts. Similarly, 
images were levelled by applying mean plane subtraction. In topographic images 
dark areas represent smaller features in the vertical direction (height), whereas in 
surface potential images darker areas represent lower or negative values on surface 
potential.  
 
3.7 AFM tip assisted triboelectric surface charge on mica: detection by 
KPFM and dissipation 
 
In this experiment, an uncoated conductive tip (Veeco antimony (n) doped Si), with a 
resonant frequency of 361.01 Khz and a deflection sensitivity of 27.69 nm/V was used. 
To scratch mica surface with the AFM tip, contact mode was used with a deflection set 
point of 1 V, 10 μm scan size and a 3 Hz scan rate taking 512 samples per line. 
Subsequently, the AFM was switched to tapping mode in the same area increasing the 
scan size to 40 μm, leaving the initial scanned area (in contact mode) in the centre of the 
frame. 
 
A drive amplitude of 30 mV and a set point of 450 mV was used. Whereas, in the lift 
mode, an electrical drive amplitude of 2500 mV and lift height of 25 nm was used. The 
lock-in phase for the used tip was found to be -90°. All measurements were carried out 
at 39% relative humidity and a temperature 25°C. After obtaining the first simultaneous 
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complete image on tapping and KPFM of the scratched area, 5 subsequent continuous 
scans were performed. 
 
After the last continuous scan, condensation was induced by exhaled breath to 
saturate the sample with water and dissipate remaining surface charge, and a last scan 
was performed. Ultimately, a different area was ''scratched'' using the same parameters 
as previously, and different scans were performed at various times: 0, 30, 60, 90 and 
120 minutes. 
 
3.8 Principles of direct measurement of protein aggregation by ultraviolet-visible 
spectroscopy (UV-Vis) 
 
Proteins display a broad peak in the 250- to 300-nm region of their UV spectrum. This 
is composed of multiple overlapping bands arising primarily from the aromatic residues 
phenylalanine, tyrosine, and tryptophan. In addition to the ability of UV-absorption 
spectroscopy to detect alterations in protein conformation and dynamic fluctuations, 
both of which could lead to protein aggregation, this technique has been widely 
employed to directly probe protein aggregation as well as analyse aggregation kinetics 
and identify the presence of intermediates and the underlying mechanisms involved. 
 
Such analyses often include time-dependent turbidity measurements to monitor the 
formation of aggregates or probing time dependent protein monomer loss. Herein, we 
use the term aggregation to refer to any process including fibrillation, polymerization, 





Turbidity (τ) is defined as: 
 
τ = −ln(I/I0) Eq.9 
 
where I0 and I are the intensity of the incident and transmitted light, respectively. The 
measured optical density (OD) signal is related to turbidity according to: 
 
τ = 2.303 OD Eq. 10 
 
Note that OD = A + S, where S is the light extinction due to scattering and any other 
process that blocks light from being detected. Thus, when A = 0, the OD is the loss due 
to scattering under common circumstances. 
 
Furthermore, τ is a coefficient that reflects attenuation of the light passing through the 
sample. Such attenuation of light is often due to the presence of larger particles 
(multimers and aggregates) approaching 1/50–1/20 or above of the wavelength of 
incident light in size [107]. 
 
3.9 Insulin incubation: 
 
Insulin from bovine pancreas was purchased from Sigma-Aldrich. pH was adjusted by 
adding a few drops of HCl at 32% concentration in milli-Q water, until the desired pH 
was reached. bPEI (bPEI/AuNp) and lipoic acid coated gold nanoparticles (lipoic 
acic/AuNp) dispersed in milli-Q water were purchased from nanoComposix (San 
Diego, CA, U.S.A). Water used to perform the experiment was ultrapure. Insulin 
solutions were prepared to a final concentration of 1mg/ml in 32% HCl pH 2.0 
 
63 
ultrapure water. Subsequently, solutions were sonicated for 15 minutes to eliminate 
visible aggregates. All solutions were prepared by triplicate and placed on 2 ml 
Eppendorf tubes. Incubation was carried out at 75 ±.5 °C  using an aluminium heating 
block for Eppendorf tubes, docked on a Thermo-Scientific block heater. Temperature 
was measured with a digital thermometer and constantly observed. 
 
3.10 Fibrillation kinetics: 
 
Insulin fibrillation kinetics was measured by UV-Vis absorbance assay. Absorption 
readings were performed at wavelengths ranging from 600 nm to 250 nm by triplicate 
and averaged. 
 
However, the maximum absorbance value for insulin occurs around 280 nm, and has 
been extensively used in various investigations to track insulin fibrillation kinetics 
[65][108][109]. 
 
Spectroscopic measurements were performed on a Perkin Elmer LAMBDA 800 
UV-VIS spectrometer. Samples analysed were prepared by taking 200 µl  aliquots 
from the incubated insulin solution and diluting the resulting solution into ultrapure 
water adjusted to pH 2 with HCl. 
 
3.11 Observation of fibrils by AFM: 
 
Diluted samples of fibrils for AFM were directly taken from the samples prepared for 
UV-Vis measurements. One drop of each solution was deposited on freshly cleaved 
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mica. The samples were washed several times with ultrapure water to remove 
unattached fibrils or impurities and were nitrogen dried. Uncoated antimony doped 
AFM tips (Bruker, model NCHV) with a resonant frequency of 359.30 kHz were used 
to perform AFM in tapping mode. 
 
 
3.12 Nanoparticles characterization: 
 
Table 2, summarizes the physical properties of bPEI/AuNp and lipoic 
acid/AuNp coated gold nanoparticles. The average particle size for both 
nanoparticle systems, as measured by TEM as dried powder is around 12 nm, 
displaying a homogenous spherical morphology (figure 23). As presented in Table 
2, zeta potential (mV) of the nanoparticles is greatly affected by pH. 
 
 
Figure 23. TEM micrographs of; A) bPEI/AuNp; B) Lipoic acid/AuNp. 
Hydrodynamic radius (Rh) distribution of gold nanoparticles with different coatings. 









Size (TEM) solvent 
bPEI/AuNp pH 7.4 46.3 mV 12.1 ± 0.8 nm          DI water 
bPEI/AuNp pH 2 22.3 mV 12.1 ± 0.8    DI water/HCl 
Lipoic acid/AuNp pH 7.4 -47.5 mV 12.6 ± 0.8 nm          DI water 
Lipoic acid/AuNp pH 2 13.1 mV 12.6 ± 0.8 
    DI 
water/HCl 
 





















 Results and discussion 
 
4.1 Micro channel filling patterning for KPFM measurements 
 
For all types of micro-printing (contact, channel filling) on mica, patterns at the micro 
scale can be observed by creating condensation on the surface. As a general example, 
figure 24, portrays the pattern as it should be visible under an optical microscope. 
 
 
Figure 24. Image of the condensation pattern obtained by the built-in optical 
microscope ( scale bar at 30μm). 
 
Condensation is used to observe the presence of patterns when the pattern itself is not 
visible under optical microscopy.  
 
However, in some cases, condensation patterns are observed under optical 
microscopy while AFM confirms that there is no presence of poly-L-lysine. A  
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probable reason could be that simple contact between the substrate and the stamp 
alters the surface by leaving traces of PDMS or dust.  
 
In either way, the observation of a condensation pattern is the first step towards 
successfully imaging with AFM and KFPM patterned poly-L-lysine. As an example, 
figure 25 shows how ideally poly-L-lysine patterns should present a clear contrast 
and delimitation with the mica substrate. 
 
In addition, it demonstrates the dimensions of the gap between patterned poly-L-
lysine, corresponding to the expected values from the morphology of the stamp used 
(10 μm channels, 30 μm ridges). Similarly, both topographic and surface potential 
profiles are in accordance. 
 
PLL patterns on this sample (Figure 25) are very well defined, and the distribution of 
the PLL layer can be easily observed in both the topographic and potential image. 
Figure 25-A and 25-C, shows clearly the presence of patterned PLL, which has an 
approximate height of less than 1 nm, which is in accordance to the expected high of 
random coil biomolecules on mica [48]. 
 
On the other hand, figure 25-B and 25-D, show the surface potential mapping of 
patterned PLL on mica. It can be observed a very well-defined pattern with a surface 









Figure 25. Good poly-L-lysine pattern fabricated by microchannel filling. 
A) Topography image, B) Potential image, C) topography profile, D) 
potential profile. 
 
Once good patterns were produced, and a potential mapping was obtained, further 
experiments under different conditions were tested. Initially, the effect of multiple 
KPFM scans is described Figure 26 shows the effect of continuous scans. Figure 26 
show qualitative images of topography and surface potential of poly-L-lysine patterns 








Figure 26. Continuous scans. A) Topographic image of a PLL pattern at initial time, B) 
Topographic image of a PLL pattern after 8 scans, C) Surface potential image of PLL 
pattern at initial time, D) Surface potential image of a PLL pattern after 8 scans. 
 
Nevertheless, figure 27, shows the quantitative surface potential difference of 8 
continuous scans on the same area corresponding to the area shown in figure 26. 
Furthermore, a 9th scan on the same area after 48 hours showed a surface potential 
difference decay (Figure 27). 
 
 The observed result suggests that a PLL pattern on mica produced by micro channel 
filling can be scanned up to 8 times without a significant decay in surface potential. 
However, the substantial decay on surface potential after 48 hours is likely to be 





Figure 27. Continuous scans. *Represents potential difference in the same 
areameasured 48 hours after the last scan. 
 
In protein biophysics, most reactions and process occur in fluid. Likewise, it is the case 
for bio sensing devices, which are expected to perform under near biological conditions. 
 
For these reasons, it is important to investigate how stable the patterns and the KFM 
readings are when it comes to re-immersions in liquids. 
 
 
Figure 28. Immersions in water for 20 mins. Control experiment. 
 
Figure 28, demonstrates that when immersing the sample in water for 20 minutes, air 
drying it and re-scan it repeatedly, the surface potential difference between patterned 
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PLL and the substrate, in this case mica, do not change significantly. We can conclude 
from this graph that, in fact, the fabricated PLL patterns can be used to investigate 
biochemical processes involving biomolecules in solution with high repeatability.  
 
Lift height, as discussed in the methods section, is a very important parameter in 
KPFM readings [110]. In order to investigate how it influences both sensitivity and 
resolution on the fabricated PLL patterns, surface potential mappings were obtained at 
different lift heights from the sample. Figure 29, demonstrates the effect of lift 
height on surface potential difference of a poly-L-lysine pattern, starting at 5 nm 
until 1.5 µm.  
 
It can be observed that a considerable surface potential difference can be detected up 
to 1000 nm above the sample, which corresponds to ~2 times the dimensions of the 
PLL patterned surface (10 µm). Moreover, it can be determined that any value under 
100 nm of lift height can be used with strong confidence since, there is no apparent 
strong effect on the sensitivity at that height.  
 
On the other hand, scanning at lift heights in the order of 1 nm to 5 nm increases the 
chances of the tip being in contact with the sample, creating cross talk and possible 
artifacts on the surface potential image, whereas using lift heights in the order of 10 nm 
to 25 nm, resulted in stable images with a good degree of sensitivity and standard 
deviation. Standard deviation, as it can be seen on the error bars, is constant because 






Figure 29. Surface potential difference (ΔΦ) versus lift height. 
 
Subsequently, after 48 hours, lift heights of 50 nm, 25 nm, 10 nm and 5 nm re-scanned 
 respectively are shown in figure 30. Values of surface potential difference are 
around 10 mV lower after 48 hours, however, they still show lift height dependence. 
 
 
Figure 30. Comparison of initial values of ΔΦ on the initial scan versus 
same lift heights after 48 hours. 
 
Patterning with micro channel filling present high variation from one 
sample to another and from one area to other (figure 31). To overcome 
the effect of high variation, experiments were performed in the same 
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scanning area. Possible reasons for the high variation from sample to sample 
and area to area are discussed in the next pages. 
 
Figure 31. Average potential difference in three different samples. 
 
4.1.1 Common defects while patterning by micro channel filling 
 
In general, micro channel filling presents some difficulties, resulting in time 
consuming, low repeatability and high variation. When patterning by 
microchannel filling, sometimes different defects can be observed. For instance, 
when micro channels are blocked on the PDMS stamp, the appearance of empty 
channels can be observed when studied by AFM (figure 32). As an opposite case, 
due to the highly hydrophilicity of both PLL and mica, and their clearly opposite 
surface charge, PLL has the tendency to adsorb and spread evenly on mica (figure 33). 
When the PDMS stamp is not properly sealed against the substrate, PLL can be 
found distributed outside of the pattern very often, yielding lower surface potential 
difference between the region of the pattern and the substrate. For this reason, it is 
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important to consider a different method of soft lithography, such as micro contact 
printing, which results in higher quality of the patterns. 
 
Figure 32. A) Topography of an empty channel by microchannel filling, B) Surface 
potential image of an empty channel by microchannel filling, C) topography profile of 
an empty channel, D) surface potential profile of an empty channel. 
 
 
Figure 33. Poly-L-lysine distributed outside of the pattern. A) Topography image, B) 
potential 
 
The observed results on surface potential readings under different factors such as 
repeated scans, immersions and lift distance, suggest this patterning method in 
combination with KPFM is reliable for further and more complex experiments 
regarding surface potential properties of biomolecules and its relationship with external 
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factors such as physiochemical and biochemical modifications. However, this approach 
has shown to be poor in the sense of good topographic resolution. 
 
This is attributed to the fact that there is a high contact area between the stamp and the 
substrate, which results in deposition of dust or stamp residues. Another drawback is 
that high variation narrows experiments to be carried out in the same scanning area, 




Furthermore, this technique possesses a low probability of success when preparing 
samples, due to the presence of various defects on sample preparation, which makes it 
highly difficult to perform experiments on a regular basis and with a good degree of 
efficiency. 
 
4.2 Immersions in 6 mM D-Ribose solutions 
 
After repeated immersions of poly-L-lysine patterns in ultrapure water have shown that 
the surface potential difference is not altered, a subsequent step towards the study of 
sugar accumulation and possible biochemical changes on the patterns was tested. In 
this experiment, freshly prepare PLL patterns by microchannel filling were immersed 
repeatedly in 6 mM and 6M D-ribose solutions. In regards the low concentration 
solution (6 mM), samples were scanned after immersions in sugar solution, and after 
washing the sample with ultrapure water. The initial observed effect was a clearly 




The effect seems to be reversible, since the surface potential returned repeatedly near 
to the initial value (positive) after the sugar content was washed away with water from 
the surface (immersions in water). Qualitative images are displayed on figure 34. 
 
 
Figure 34. Surface potential micrographs of repeated immersions in water and .006M 
D-ribose solutions. 
 
Figure 35, presents quantitative data extracted from potential images before and after 
immersions in .006M D-ribose solutions. When the patterns are exposed to the 
presence of sugar, a drastic drop in surface potential difference down to negative values 
is observed (black dots). Nevertheless, by washing the sample with ultrapure water, it 
was possible to reversibly return to positive values (red squares). 
 
However, after repeating the process up to four times, it was no longer possible to reach 
the initial positive value, leaving the last reading about 50 mV below the original value 
(red squares). Likewise, after the immersions in .006M D-ribose solutions, a slightly 
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positive increment on surface potential difference is observed after each subsequent 
immersion (black dots). 
 
 
Figure 35. Surface potential difference after repeated immersions in water and .006M 
D-ribose solutions. 
 
These results suggest that there could be a deposition of sugar molecules over the 
poly-L-lysine pattern that remain on the surface after washing it with ultrapure water 
(red squares). Sugar molecules could have the tendency of accumulation after each 
immersion in sugar solution, yielding a constant decrease on the surface potential 
difference. Up to this point, there is not enough evidence suggesting a biochemical 
modification on the poly-L-lysine pattern. 
 
4.3 6 molar D-Ribose 
 
Since using a 6 mM sugar concentration was arbitrary, an extreme concentration 
(6M) was also tested to observe the effect of surface potential. The 
concentration of D-ribose in this set of experiments was quite high. The excess of 
sugar on the surface made both topographic and potential imaging very difficult. 
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Hence, all the samples had to be washed with ultrapure water prior imaging after each 
immersion in 6 molar D-ribose solutions. It can be observed that the surface potential is 
no longer reversible after immersions in ultrapure water and there is a clear 
accumulation of sugar on the poly-L-lysine pattern, observed in the topographic 
profiles (Figure 36), where the increment on height is evident after re-immersions in 
sugar solution 
 
Figure 36. Qualitative images of both topography and surface potential after a first 
immersion in ultrapure water and subsequent immersions in 6M D-ribose solutions. 
 
Besides qualitative images, it is interesting to analyse the corresponding topography 
and potential profiles. Figure 37, represents topography (37-A) and potential (37-B) 
profiles of the immersions of poly-L-lysine patterns in 6 molar D-ribose solutions. In 
the topographic profiles after the first immersion in D-Ribose solution 37-A), a layer of 




Poly-L-lysine molecules usually display topography heights below 2 nm, which 
suggest an accumulation of sugar aggregates from the first immersion in 6 molar 
D-ribose solutions (see figure 37-A). After up to six subsequent immersions, the layer 
in the same area is increased to around 8 nm.  
 
This fact, may also reveal some possibilities of functionalizing surfaces for 
different purposes. Quorum sensing (QS) is a system of stimuli and response correlated 
to bacterial population density. For instance, recently has been found that D-ribose 
deposition can interfere QS and inhibit biofilm formation [111].  
 
For instance, in the previously mentioned case, it would be very helpful to 
fabricate a surface in which deposition of sugar is patterned and suitable for AFM 
and KPFM imaging. In the case of potential profiles (37-B), after the first 
immersion in D-ribose a positive potential of about 12 mV exists in the poly-L-lysine 
pattern. 
 
This potential, in the same area, is shifted to around -14 mV after six subsequent 
immersions. It is important to consider that between each immersion at 6 molar 
concentration, the sample is washed with water and dried with air, meaning that both 
the accumulation of sugar in the pattern and the inversion of surface charge in the 





Figure 37. A) Topographic and B) surface potential profiles comparing 
the first immersion in 6M D-ribose and the last immersion. 
 
After an overlook of images and profiles, a more rigorous statistical analysis is shown 
in figure 38. After the first immersion in in 6M D-ribose solution and followed 
by washing with ultrapure water, the surface potential difference is dropped to nearly 
zero. Subsequent immersion and washings results in a decrease in surface potential 
around -20 mV.  
 
We can conclude with this, that at higher concentrations of sugar, the process is 
irreversible, and the highly negative surface potential difference would be 
attributable to either sugar deposition or the effects of a biochemical modification on 
the PLL patterns such as non-enzymatic glycation. Nevertheless, without an alternative 




Figure 38. Surface potential difference between the pattern and the substrate (mica) 
after each immersion in 6M D-ribose and washing with ultrapure water; 0 denotes the 
value after an initial immersion in ultrapure water. 
 
4.4 Electrostatic adsorption of colloidal gold nanoparticles on 
poly-L-lysine patterns 
 
Both topographic and potential changes before and after the addition of 
nanoparticles are qualitatively observable in figure 39. Topographic 
features of a thin layer of poly-L-lysine are difficult to be observed by the 
Z sensor on the AFM. 
 
However, on the potential channel (KPFM), the positive charge of functional groups of 
poly-L-lysine (amino) creates a sharp contrast with mica surface (figures 39-A and 
39-B). When negatively charged nanoparticles in colloidal solution are in contact with 
patterned poly-L-lysine, preferential arrangement of nanoparticles on the poly-L-lysine 
pattern is possible due to an electrostatic driven auto assembly mechanism. 
 
After the solution of nanoparticles is washed away from the sample, a 
small number of nanoparticles remain absorbed to mica. Nevertheless, the 
nanoparticle density is enormously higher within the poly-L-lysine pattern (figure 
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39-C). As a result, the potential detected on the poly-L-lysine pattern covered by 
nanoparticles, appears to be negative in respect to mica (figure 39-D). 
 
 
Figure 39. A) Topographic image of PLL patterned by microchannel filling on mica, B) 
surface potential image of the PLL pattern, c) topography image of the PLL pattern 
after immersion in colloidal gold nanoparticles, D) surface potential image of the PLL 
pattern after immersion in colloidal gold nanoparticles. 
 
Figure 40, shows topographic and potential profiles extracted from figure 39 images.  
 
 
The approximate height of the poly-L-lysine pattern is about approximately .40 
nm, which is in accordance with similar studies on adsorption of poly-L-




Furthermore, after immersion in a solution of colloidal gold nanoparticles (figure 40-C), 
a height of about 8 nm is observed, corresponding this value, to the 
approximate diameter of the nanoparticles in solution. In the same sense, surface 
potential profiles show a meaningful change after the immersion in solution of 
colloidal gold nanoparticles (Figures 40-B and 40-D). 
 
 
Figure 40. A) Profile of the topographic image of PLL patterned by microchannel 
filling on mica, B) profile of the surface potential image of the PLL pattern, c) profile of 
the topography image of the PLL pattern after immersion in colloidal gold 
nanoparticles, D) profile of the surface potential image of the PLL pattern after 
immersion in colloidal gold nanoparticles. 
 
Additionally, when a statistical analysis is performed, a drop of more than 100 mV is 
observed after the poly-L-lysine pattern is exposed to the solution of colloidal gold 




Figure 41. Statistical potential difference of PLL patterned by micro contact printing 
before and after immersion in colloidal gold nanoparticles. 
 




Initially, a control experiment was carried out to observe the effect of making contact 
between a fresh PDMS stamp and the freshly cleaved mica (figure 42). The control 
experiment confirms that no alterations on the topography or potential image is 
detected on the surface after being in contact with a fresh PDMS stamp. 
 
 





Nevertheless, when the stamp is placed in contact with a poly-L-lysine solution, 
molecules are clearly printed on the surface and they are observable by both 
topographic and surface potential images (figure 43). Interestingly, surface 
potential of poly-L-lysine patterns on mica fabricated by micro contact printing is less 
stable than patterns fabricated by micro channel filling. 
 
 
Figure 43-A presents the topographic image of the initial scan in air by KPFM, whereas 
figure 43-B represents the topographic image of the same area after being scanned six 
times. No substantial changes are revealed on the topography after six continues scans. 
 
Nonetheless, on the potential images (43-C and 43-D), there is a clear qualitative 
difference observed. In order to rule out a reduction in the number of PLL molecules 
on the pattern as the AFM tip is repeatedly  on intermittent contact, the roughness (Rq) 
and average height of the pattern were calculated on the topographic images. These 
values were found to be for the first scan Rq=.9 nm with an average height of 1.6 nm, 




These numbers, remained unchanged, confirming that there is no alteration on the 
topography that could sensibly explain the drastic changes on the surface 
potential image. Figure 44 depicts a quantitative analysis corresponding to the 
potential difference calculated from the potential images of the six contentious scans. 
This result suggests that there is an electrostatic change on the surface of mica of about 
60 mV, as a consequence of continuously scaning a specific area on KPFM. 
 
 
Figure 44. Continuous scans. Pattern by micro contact printing on mica. 
 
In contrast with results obtained for a similar PLL pattern produced by micro channel 
filling, it can be concluded that by micro contact printing, a considerable area of 
the substrate (mica in this case) corresponding to the channel gap, remains 
untouched. Hence, there is no stamp residues or dust over the mica surface, which 
results in the exposure of freshly cleaved mica. According to this finding, clean 
freshly cleaved mica has the tendency to experience changes in surface charge 






A similar experiment was carried out using glass as a substrate. In a previous 
experiment, where PLL patterns was produced on mica, it was confirmed that micro 
contact printing makes sample fabrication a more efficient process. However, in order 
to achieve good results, it is important to use freshly prepared PDMS stamps to avoid 
the presence of contaminants.  
 
Since preparing a number of fresh stamps is time consuming and requires a 
larger amount of chemicals, recycling old used stamps was tested. To this end, 
stamps that were repeatedly used before were peeled off using adhesive tape. In 
this way, the outer layer of the stamp is removed, leaving a fresh unexposed layer 
of PDMS available for micro contact printing. Figure 45, represents a control 
experiment to confirm that peeled off stamps do not leave traces of previously 
adsorbed material. Similarly, serves as a control for performing further micro contact 
printing experiments using glass as substrate. 
 
 
Figure 45. Control experiment of contact between a freshly peeled off stamp and glass. 




To create this pattern, a freshly peeled off PDMS stamp was used. Due to the expected 
roughness of glass, the presence of PLL is not very well distinguished on the surface.  
 
Nevertheless, they are clearly located in a pattern on the surface potential image. 
Figures 38-A and 38-B display the topography of an initial scan and a seventh scan 
respectively.  
 
Considering the roughness of glass, the thickness of PLL films produced by micro 
contact printing, and the resolution of the image, any conclusion in regards changes 
on the topography after repeated scans cannot be made. In other words, 
roughness of the substrate in this case, might be higher than the actual height of the 
deposited layer of PLL. In the same fashion, Figures 46-C and 46-D display the surface 
potential of an initial scan and a seventh scan respectively. 
 
Figure 46. Continuous scans. Pattern by microcontact printing on glass. A) Topography 
PLL pattern on glass initial scan, B) Topography of PLL pattern on glass final scan, C) 





In figure 47 surface potential difference of each continuous scan is shown. It can be 
observed that after seven continuous scans there is no substantial drop on the surface 
potential (about 10 mV).  
 
This data suggests that glass would be a better substrate to measure surface 
potential of poly-L- lysine micro patterns in contrast with mica. Although the 
resolution in the topography image is less clear due to the roughness of the material, 
the surface potential signal is clear and appears to be unaltered after repeated 
scans. Likewise, the process of peeling off previously used PDMS stamps, has been 
proven to be a reliable method to recycle stamps, reducing in this way the amount of 
time and materials required to successfully fabricate samples. 
 
Figure 47. Continuous scans. Pattern by microcontact printing on glass. 
 
4.5.5 Silicon dioxide: 
 
So far, previously tested substrates present a diverse chemical composition. For 
instance, muscovite mica is mineral mainly composed of silicate, aluminium and 
potassium. Regarding borosilicate glass, is a combination of SiO2, B2O3, Na2+K2O 
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and Al2O3. On the other hand, silicon dioxide is composed of a linear formula of SiO2 
and arranged in a crystalline hexagonal configuration. 
 
Furthermore, as for the case of mica and glass, silicon dioxide is expected to have a 
negative charge in water or at neutral pH. In terms of roughness, it is quite similar to 
glass. For these reasons, micro contact printing of poly-L-lysine and KPFM 
continuous scans were performed using silicon dioxide as substrate.  
 
Figure 48 shows topographic and potential images of poly-L-lysine patterns on 




Figure 48. Continuous scans. Pattern by microcontact printing on a silicon dioxide 
substrate. A) Topography PLL pattern initial scan, B) Topography of PLL pattern final 
scan, C) Potential of PLL pattern initial scan, D) Potential of PLL pattern final scan. 
 
A further analysis of all continuous scans is shown in figure 49. Surface potential 
difference remains mainly unaltered along ten continuous scans with an error of about 
10 mV. This result suggests that in terms of surface potential stability, silicon dioxide 




Figure 49. Continuous scans. Pattern by microcontact printing on silicon dioxide. 
 
4.6 Micro-contact printing of proteins for surface potential mapping by KPFM 
 
Figure 50 displays topography and surface potential map of β-lactoglobulin. On 
β-lactoglobulin the nature of the substrate and the pH of the solution in which is 
contained plays an important role on the conformation o f  the protein it will adopt 
when adsorbed [112]. 
 
 




However, topographic height of single layers is not above 1 nm, as shown in the 
topographic profile on the same figure (50). Micro contact printing has several 
advantages over previously reported methods for β-lactoglobulin deposition on 
mica [112]. 
 
This would include the possibility of depositing a homogenous well defined layer of 
protein, which is for instance, essential for surface potential mapping of such sample by 
KPFM. Regarding the surface potential, there is no antecedents in literature of surface 
potential mapping of β-lactoglobulin by KPFM. 
 
Figure 51, presents topography and surface potential map of BSA. By micro contact 
printing, the adsorbed protein aggregates seems not to correspond to the expected 
height of a single layer of protein. Nevertheless, heights of BSA aggregates above of 10 
nm have been reported for adsorbed on flat surfaces by AFM [113]. 
 
Hence, it is not surprising due to the nature of BSA, to expect bigger aggregates in 
size than other globular proteins when adsorbed on surfaces. In contrast 
with β-lactoglobulin patterns, BSA seems to possess a positive charge in the order 
of 120 mV in respect to mica. The observed surface potential seems to be quite high 
compared to other globular proteins in this section. This could be explained by a 
higher number of molecules adsorbed, as it can be deduced by the height on the 
topographic image. It is not entirely sensitive to expect the same surface charge as in 
solution when studying complex proteins, since both pH of the solution not only 
affects the surface charge of the protein, but its adsorption kinetics [114]. Similarly, 
the nature of the surface affects in the same way, the structural conformation of the 
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protein when adsorbed, which not necessarily will correspond to the three-
dimensional structure in solution. 
 
 
Figure 51. BSA micro pattern on mica surface. 
 
Topography and surface potential map of micro contact printed insulin patterns are 
presented in figure 52. The average height for an insulin layer adsorbed on mica, as 
studied by AFM is in the order of 1.1 nm [115]. As it can be seen in the topography 
profile of patterned insulin on figure 43, the average height is in accordance with 
literature values, corresponding to a single layer of protein adsorbed on the substrate. 





Figure 52. Insulin micro pattern on mica surface 
 
In figure 53, β-lactoglobulin micro patterns fabricated by micro contact printing are 
shown. Immersion in water (neutral pH) and buffer (pH4) was performed.  
Surface potential images display a negative surface charge in respect to mica after 
the first immersion in water (near neutral pH). It was observed, however, that 
at pH 4 β-lactoglobulin surface charge is positive with respect to mica. 
 
 Nonetheless, the surface charge can be reversed to negative values followed by a 
second immersion in water (near neutral pH), showing a reversible effect. After 
each immersion in buffers, topographic images lose resolution.  
 
This is due to the fact that salt contents on the buffer are deposited on the surface. 
Moreover, applying buffers over pH 4 resulted on detachment of the protein layers, 




Figure 53. β-lactoglobulin on mica. Immersions in water and buffer (stamp drift 
observed in the middle of two patterns). 
 
In the same fashion, immersion in water and buffer at pH 4 was applied to BSA micro 
patterns on mica for surface potential measurements (figure 58). In this case, all 
topographic images are of excellent quality and do not reveal substantial changes 
following immersions in water and pH 4 buffer. Moreover, surface potential images 





Figure 54. BSA on mica. Immersions in water and buffer 
 
In order to understand surface potential changes on protein patterns as a result of 
immersions in water and pH 4 buffer, quantitative analysis was made based on the 
surface potential images (figure 55). In the case of β-lactoglobulin (black dots), the 
behaviour when reducing the pH value to 4 is as expected based on existent titration 





Figure 55. Surface potential difference reversible response to a pH shift of β-
lactoglobulin and BSA. 
 
This can be explained with the fact that residues on BSA can adopt different 
configurations depending on the substrate [117]. Immobilized proteins may not be able 
to re-configure and balance surface and buried charges as they would in solution. 
 
Another possibility that could explain these results would be that mica may change 
its surface charge as a response to pH variations. However, these alterations are not of 
considerable magnitude to explain such an abrupt change on protein patterns. It is 
important to stress that, because of structural changes that proteins experience 
when adsorbed on solid substrates, zeta potential values and surface charge of 
immobilized proteins onto surfaces may not always correlate. 
 
Finally, when the sample is immersed in water for the last time, there is in both cases 
(β-lactoglobulin and BSA) an outstanding difference in surface potential difference 
compared to the original value as read initially at neutral pH (last points in the graph). 
This could be explained by the fact that immersing in water might result on a cleaning 
effect on the surface by removing free charges, ions and suspended particles. 
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4.6.1 Cross patterning of globular proteins by micro contact 
printing for comparative studies of surface potential 
 
PDMS softlithography has been used extensively to pattern proteins and cells for 
different purpose on various substrates [118]. However, fabrication of protein 
microdomains for surface potential measurements have been much more less reported 
[119][120]. Moreover, patterning two or more different types of proteins within the 
same scanning area is not described on the literature. The possibility of comparing 
electrostatic properties of two different proteins using the same substrate as reference 
could be of great importance in protein biophysics. Figure 56, shows an optical 
microscope image of the resulting cross patterning by micro contact PDMS soft 
lithography of insulin and BSA. 
 
 
Figure 56. Cross patterned insulin and BSA observed by condensation on an optical 
microscope. 
 
Obtaining AFM images of such protein cross patterns results more demanding than 




Figure 57. Phase image of the previous cross patterned insulin and BSA 
 
Figure 57, shows for qualitative purposes, a phase image of the resulting cross patterns 
of insulin and BSA. Even though phase images provide only qualitative data, it is 
sufficient in this case to observe the presence of the proteins creating a clear contrast 
against the substrate (mica). In figure 58, both topographic and surface potential images 
of cross patterned insulin and BSA are presented. 
 
To perform quantitative analysis, each image was recorded twice, initially at 0º 
scan direction and subsequently at 90º so that orientation of both proteins is the same 
at the moment of tracing profiles and performing statistical analysis. At first 




Figure 58. Topography and potential images of crossed patterned insulin and BSA 
scanned at 0ºand 90ºangles. 
 
However, by tracing profiles (figure 59), BSA shows a clearly positive surface potential,  
whereas insulin shows a negative surface charge with respect to mica. Furthermore, 
by performing statistical analysis on the selected area (figure 60), potential 
difference values can be obtained. 
 
 Figure 60, represents the potential difference values obtained by calculating the 
average value within the pattern and subtracting the average value of the substrate. In 
the case of insulin an average surface potential difference around -30 mV can 
be observed, whereas a positive potential value of around 25 mV is obtained for BSA. 
As an initial stage of this experiment, no further modifications such as 
immersions in water or buffers were performed since the quality of the patterns and 
topographic images are not ideal. However, it has been shown that different proteins 




Figures 59. Surface potential cross sections of insulin and BSA obtained from the 
topographic image. 
 
Figure 60. Statistical values obtained for the surface potential difference of 
Insulin and BSA when cross patterned. 
 
4.6.2 Avidin-Biotin complex: detecting specific molecular 
interactions by KPFM 
 
To demonstrate the ability of KPFM to detect specific molecular interactions, the 
classic avidin-biotin complex was utilised. In this case, fluorescent biotin was used in 
order to facilitate its detection by an alternative method (florescent optical microscopy). 
 
However, by KPFM the use of dyes would not be necessary, since the detection is 
observed as a change in surface potential. Figure 61-A shows an optical microscope 




The presence of the pattern is not observable by standard optical microscopy. In order 
 to visualize the presence of the pattern by standard microscopy, condensation 
was induced as shown in figure 61-C. After immersing the structure patterned avidin 
on a fluorescent biotin solution and washing it thoroughly with ultra-pure water, the 
specific attachment of biotin on patterned avidin is evident as presented in figure 61-
B. Avidin florescence microscopy image is not available since avidin do not produce 
a signal to be observed. 
 
 
Figure 61. A) Optical image of patterned avidin on glass surface without condensation, 
B) optical image of patterned avidin on a glass surface observed by condensation, C) 
Confocal fluorescence image of patterned avidin on a glass surface, after exposure to 
biotin FL and washed with ultrapure water 
 
Figure 62 represents KPFM results of an avidin pattern on glass before 
and after immersion in fluorescent biotin solution. Figure 62-A shows the 
surface potential map of avidin on glass before immersion, whereas 62-B 
represents the pattern in the same area after being immersed in biotin 




These qualitative images suggest and increase on surface potential on the pattern after 
immersion in biotin. In order to estimate the increment on surface potential on the 
pattern, surface potential profiles were traced on both images (figure 62-C). According 
to the traced profiles, the increment on surface potential after immersion in biotin was 
in the order of 40 mV. 
 
When calculating the average surface potential difference (shown in figure 62-D), the 
surface potential increment is in the order of 50 mV. Similar methods for label free 
detection of specific molecular interactions by KPFM and micro patterns have been 
reported previously with similar results [121]. Nonetheless, the present study utilizes 
much simpler micro fabrication procedures and substrates, in contrast to the use of 
complex surface functionalized thin films. 
 
 
Figure 62. A) KPFM image of an avidin pattern on glass, B) KPFM image after the 
avidin pattern was exposed to biotin FL and washed with water, C) comparisons of 
potential profiles of the avidin pattern before and after exposure to biotin FL, D) surface 
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potential difference between the substrate and the pattern of avidin patterns on glass 
before and after exposure to biotin FL. 
 
In conclusion, globular proteins were successfully adsorbed in patterns on solid 
substrate by micro contact printing. Moreover, both topography and surface potential 
maps were simultaneously produced by KPFM. After repeated immersions in water 
and pH buffer solution, a shift in surface potential was observed in globular protein 
micro patterns. The shift in surface potential results to be reversible. It was concluded 
that despite observing pH dependent surface potential shifts, surface potential of 
adsorbed proteins at certain pH do not necessarily corresponds to the expected surface 
potential in solution. Cross patterning two different proteins in the same surface for 
surface potential one to one comparison was achieved. The specific interaction between 
avidin and fluorescent biotin was detected using avidin micro patterns on glass by 
fluorescent microscopy and a change in surface potential by KPFM. 
 
4.7 AFM tip assisted triboelectric surface charge on mica: detection 
by KPFM and dissipation. 
 
Experiments on freshly cleaved mica have shown that electrostatic charges are created 
by friction when scanning in contact mode. This charge can be observed when 
re-scanning the same area on interleave mode with a potential difference in respect to 
mica close to 20 mV (figure 63). 
 
Similar results have been previously reported obtaining a negative surface charge on a 
glass substrate [122] and silicon dioxide [123]. Scanning repeatedly the surface charge 
of the square did not alter significantly the surface potential difference as can be seen in 
figure 64. Quantitative analysis of the charge confirms that continuous scans do not 
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change considerably the surface potential difference. A drop can be observed during the 
fifth scan and it is more likely attributed to an effect of time (Figure 69). A possible 
explanation to this effect is discussed further. 
 
Figure 63. A) Topography image of square drawn in contact mode at time 0, B) Surface 
potential image of the square showing the presence of a surface charge on mica, C) 
height cross section corresponding to the topography image, D) surface potential cross 
section corresponding to the potential image. 
 
 
Figure 64. Shows surface charge resulting after scratching the AFM tip on the surface 





Figure 65. Surface potential difference of the square charge on mica after repeated 
scans. 
 
After performing 5 consecutive scans, there was still a charge present on the surface. To 
understand the effect of high humidity on charge dissipation, condensation was created 
on the surface, and the same area was scanned. Condensation caused the positive 
surface charge on the surface to dissapear immediately, suggesting that 
humidity on the environment could play an important role on surface charge 
dissipation (figure 65). 
 
 
Figure 66. Shows A) surface charge after the 5
th 
scan and B) surface charge after 





Figure 67. Potential images of the dissipation of charge over time 
 
Furthermore, dissipation was followed when performing time resolved experiments, 
and contrasting the results against repeated scans on the same area. Qualitative images 
of time resolved experiment on charge dissipation can be seen on figure 67. In addition, 
quantitative analysis is presented in figure 68. Time dependence is clear on the surface 
potential difference. Moreover, initial drop after 60 minutes is in accordance with the 
surface potential drop observed after 5 continuous scans. 
 
 




Even though, based on the presented, results is hard to explain what is precisely 
causing the surface charge to dissipate over time. One explanation would be that 
surface free charges are displacing laterally to the surroundings by two 
dimensional diffusion. 
 
Although this effect was not seen in the presented results in this section, which would 
have been observed by an increase on surface potential of the surroundings, it is 
possible indeed to be studied by means of KPFM [124]. Another explanation would be 
that in case there is no lateral displacement of surface charges by diffusion, free charges 
have the tendency to dissipate in the air due to interaction with water molecules 
contained in the air, which is indeed, an important variable on the decay electrostatic 
charges [125]. 
 
Ultimately, it is possible that both mechanisms take effect simultaneously on 
dissipating surface charges on mica over time. In any case, further experiments must be 
 conducted using relative humidity as variable and possibly supporting obtained 
data with dynamic simulations on dissipation of surface charges on a dielectric 
material. 
 
Generating free surface charges on mica by a triboelectric effect between the AFM tip 
and the surface is possible by using AFM in contact mode. In addition, by scanning the 
same area in KPFM mode, it is possible not only to observe the presence of the 
generated surface charge but to track down the decay over time. The density of 
the surface charge is not altered by the number of scans on KPFM mode, but it 
seems to respond to a time dependent dynamic. Also, it is suggested that relative 
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humidity plays an important role on charge dissipation. The behavior of the decay of 
charge is more similar to water adsorption on mica [126] rather than a free charge 
dissipating over time on an insulating surface. Finally, it is concluded that further 
experiments are required to determine the cause of surface charge dissipation on an 
insulating surface. 
 
4.8 Insulin amyloid fibrils: Aggregation dynamics, effect of highly 
charged gold nanoparticles and surface potential mapping by KPFM 
 
4.8.1 UV-Vis absorption and fibrillation kinetics: 
 
The chosen method for following the fibrillation kinetics of insulin was UV Absorption 
at a fixed wavelength. This method has been previously reported and proved to be valid 
for tracking amyloid fibril aggregation for insulin [65]. Since a suitable absorption 
signal was obtained at 280 nm, this wavelength was used to follow the aggregation 
kinetics of incubated solutions of pure insulin and co-incubation with bPEI/AuNp’s and 
lipoic acid/AuNp as a function of time.  
 
Figure 69, shows the fibrillation kinetics of the mentioned solutions, where it can be 
observed that during the first 10 minutes of incubation, pure insulin showed the 
biggest absorption response which is attributed to the aggregation state of insulin and, 
thus, the fibrillation state of the protein.   
 
This result suggests that bPEI/AuNp slows down aggregation in the initial state of the 





Figure 69. Aggregation Kinetics of insulin and gold nanoparticles. 
 
All treatments reached a plateau region at 60 min. of incubation, where exponential 
growth seems to slow down.  
 
Table 3 summarizes the absorption values at 280 nm reached at 60 minutes of 
incubation, in which can be observed how absorption was decreasing when zeta 
potential difference between insulin and the nanoparticles increases as well. 
Zeta potential values are expected to remain constant over incubation time. 
 






Pure insulin 30* 0.88 ±0.0210 
bPEI/AuNp-Insulin 22.3 1 ±0.0050 
Lipoic acid/AuNp-
Insulin 
13.1 1 ±0.0051 
Table 3. Absorption value  at 280 nm reached at 60 minutes of incubation. 






4.8.2 Atomic force microscopy 
 
Atomic force microscopy was used to corroborate the results obtained by UV-Vis and 
to observe the morphology of insulin aggregates and fibrils. During the first 20 minutes 
of incubation, it is not possible to observe formation of fibrils or protofibrils. Instead, 
there is a presence of insulin aggregates in the form of small spheres that adsorb on 
mica covering the whole surface 
 
 
Figure 70.AFM micrographs of incubated insulin of T0= 0 mins, T1= 5 mins T2= 10 




However, after 40 minutes the presence of small proto fibrils, rods and small fibrils is 
observed. Mature fibrils are formed after 60 minutes incubation as seen in figure 70. 
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These results are highly reproducible and demonstrate that under specific conditions of 
pH and temperature is possible to incubate and produce fibrils relatively rapidly. 
 
 
Figure 71. AFM micrographs of incubated insulin of T5= 60 mins (left) and of 
incubated insulin of T6= 120 mins (right). 
 
A sample scanned after 120 minutes was utilized to test repeatability and stability of 
surface potential of amyloid tangles by Kelvin probe force microscopy. As 
shown in height profiles (Figure 72) obtained after 60 and 120 minutes of incubation, 
the height of insulin fibrils depends on the level of entanglement. 
 
 
Figure 72. Height profiles of shown images of 60 and 120 minutes incubation. 
 
The absence of mature fibrils in this treatment could be explained either by the high 
light absorption of insulin aggregates (optical density) over time, or by the fact 
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that negative surface charge of the nanoparticles prevents insulin fibrils from 
adsorption into mica mostly due to negatively charged surface charge. 
 
 
Figure 73. AFM micrographs of incubated insulin with lipoic acid gold nanoparticles of 
T0= 0 mins, T1= 5 mins T2= 10 mins, T3= 20 mins, T4-A= 40 mins 1µm
2
 scan size, 




 scan size. 
 
Figure 73 represents AFM topographic images on mica of incubated insulin with lipoic 
acid gold nanoparticles at different times. In contrast with incubation of pure insulin, in 
this case, there is adsorption of insulin aggregates that seems not to vary along time. 
 
Finally, at 40 minutes of incubation it is possible to observe a protofibrils with a rod 
like morphology. Similarly, in figure 74, AFM topographic images of incubated 
insulin with bPEI/gold nanoparticles are shown. In a similar fashion, as insulin 
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incubated with functionalized lipoic acid gold nanoparticles, there is no evidence of 
the formation of mature fibrils. 
 
Figure 74. AFM micrographs of incubated insulin with BPEI/Gold nanoparticles of 




 scan size, 
T4-B= 40 mins 5µm
2
 scan size. 
 
By analysing topographic images, it can only be seen the adsorption of insulin 
aggregates on the mica surface. This fact can only support the hypothesis that both 
treatments might be preventing the formation of mature fibrils and the increase on the 
optical density as detected by UV-Vis can be explained by the formation of larger 
insulin aggregates and protofribrils but no mature amyloid fibrils. 
 




Figure 75. Surface potential map of a single insulin protofribrils by KPFM. 
 
As shown in figure 75, it was possible to obtain an acceptable resolution for the 
topographic image and a good contrast on the KPFM signal as well. The observed 
surface potential difference for the insulin protofribrils is in the order of 20 mV with 
respect to mica. This results are similar to previous experiments on proteic amyloids 
carried out using Kelvin probe force microscopy, in which at physiological pH, the 
surface potential of the fibrils are negative [128]. However, as observed in previous 
experiments with micro contact printing, studying the stability of surface potential 
readings by KPFM at the nanoscale involving biomolecular structures on mica is 
pertinent. The effect of time and repeated scans over a biomolecular structure by KPFM 
is not described on the literature. Figure 76 presents the resulting images of scanning 10 
over the same area a sample containing insulin tangles of mature fibrils. Figure 76 is 





Figure 76. KPFM image of insulin tangles. Repeated scans over the same area. 
 
Since continuous scans did not show evidence of substantial changes on surface 
potential (figure 80), it can be suggested that a protective layer of free insulin 
monomers and small aggregates were adsorbed on mica. The formation of a protein 
thin film could prevent mica from changing its electrostatic properties, making KPFM 
imaging more stable than using micro contact patterning technique. Aggregation 
kinetics of insulin amyloid fibrils was successfully followed by UV-Vis optical 
density at 280 nm as reported in literature. It was also found that the presence of 
highly charged colloidal gold particles do not alter significantly the aggregation 
behaviour of insulin fibrils. In the presence of both negatively and positively 
charged colloidal gold nanoparticles, evidence of the formation of mature amyloid 
fibrils or tangles was not found. These specific AFM based results suggest that 
nanoparticles might be preventing the formation of mature fibrils. In another 
scenario, nanoparticles might be preventing adsorption of mature fibrils and tangles 
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on the mica surface. Finally, the possibility of producing surface potential 
mappings of amyloid like structures by KPFM is demonstrated. Moreover, in 
contrast with the effects observed by repeated scans on biomolecular structures 
patterned on mica by micro contact printing, KPFM readings are stable on insulin 
fibrils deposited on mica. These finding suggest that a thin layer of free insulin 
monomers protects the mica surface from being exposed to the environment, 





















CHAPTER 5：  
 
General conclusions and future perspectives 
 
It was possible to fabricate poly-L-lysine micro patterns on mica by microchannel filling 
for surface potential mapping by KPFM. Nevertheless, this method is time consuming and 
samples often present different defects such as empty channels or uneven distribution of 
poly-L-lysine molecules, yielding high variability. In most cases, due to the large surface 
area of PDMS stamps that is in contact with the substrate, the presence of undesired objects 
such as stamp debris or dust, hinder the possibility to track the topography of the 
biomolecular patterns, since poly-lysine molecules in the pattern adopt topographic heights 
below 2 nm. Surface potential difference of the patterns fabricated by micro channel filling 
showed the tendency to decay over time and continuous scans.  
 
However, when immersed in ultrapure water they remained stable. It was 
demonstrated that immersion of poly-L-lysine patterns in D-ribose solutions 
influences the surface potential. At low concentrations (6 mM), the surface potential 
of poly-L-lysine patterns is inverted. Nonetheless, this effect was reversible at some 
extent when the sample is immersed in ultrapure water. At high sugar concentration (6 
molar), the effect was no longer reversible and there was a clear deposition of D-ribose 
aggregates on the poly-L-lysine patterns. At this point, there is not enough evidence 
to attribute changes in surface potential to biochemical modifications produced by the 
exposure of poly-L-lysine functional groups to sugars. However, from a different 
perspective, the observed effect is interesting for various purposes. For instance, sugar 
immobilization on surfaces, accumulation of sugars on biomolecular structures, and 
surface charge reversibility. Colloidal gold nanoparticles are selectively adsorbed on 
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poly-L-lysine patterns driven by electrostatic forces. This phenomenon allows the 
use of nanoparticles as markers to locate the presence of poly-L-lysine. Similarly, 
the adsorption of nanoparticles can invert the positive surface charge of poly-L-lysine 
to negative. As an alternative to micro channel filling micro patterning, micro 
contact printing is more efficient. When patterning poly-L-lysine on different 
substrates, mica was found to be the most suitable substrate to reach high 
topographic resolution. However, mica seems to be electrostatically unstable when scanned 
repeatedly by KPFM. On the other hand, glass and silicon dioxide are rough materials 
which makes it difficult to record topographic features of small objects by AFM. 
 
Nevertheless, these materials showed outstanding stability when performing repeated scans 
on KPFM of poly-L-lysine micro patterns. Patterning of a family of globular proteins on 
mica by micro contact printing for surface potential measurements was successfully 
achieved. Likewise, cross patterning offers the possibility to test and compare one to one 
different biomolecules to understand slight differences on surface potential, and its 
response to various physicochemical conditions.  
 
Scratching mica with the AFM tip in contact mode, creating a surface charge by 
friction and detecting it by KPFM, confirmed once again the high sensitivity of a few 
millivolts and capacity for spatial resolution at micrometer scale of the technique. 
Similarly, the possibility to detect and track with high sensitivity the presence of 
electrostatic charges on dielectric substrates was successful. As for future work, it 
would be interesting to extend the investigation to the understanding of the 




Experiments of contact angle to relate it to relative humidity, hydrophobicity and 
surface potential values. Furthermore, it might be possible to estimate the number of 
layers or water molecules adsorbed on mica surface and its relation to surface 
potential. Another important aspect would be the understanding of concentration 
dependence on both adsorptions of sugar and self-assembly of colloidal nanoparticles 
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